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This thesis explores the interplay between temperature and nanophotonics. In
the beginning of the thesis, we address the problem of thermal stabilization of
silicon photonic devices, which is a major obstacle in low power integration of
on-chip optical interconnects. We demonstrate different schemes, at architecture
and device levels, to mitigate thermal sensitivity in optical devices. Using one
of the schemes, we demonstrate a ring resonator based electro–optic modulator
working over 40 degrees. All the athermal schemes are passive and CMOS–
compatible, making them more attractive over active feedback based power–
hungry techniques.
The latter part of the thesis explores photon–based radiative heat transfer
processes. Conventional blackbody radiation is much weaker than solid–state
phonon based heat transfer, but its spectrum can be tailored easily as opposed
to broadband nature of phonons. Near–field thermal radiation provides a way
to overcome the traditional blackbody limit by increasing radiative density of
states. We use this phenomenon to demonstrate strong near-field cooling of a
thermally isolated membrane through evanescent coupling with a tip. Finally
we demonstrate thermal rectification by using temperature dependent spectral
properties in a radiative channel.
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CHAPTER 1
TEMPERATURE SENSITIVITY OF SILICON PHOTONIC DEVICES
1.1 Si photonics for next generation optical interconnects
Transistors and lasers were undoubtedly the two most important inventions of
the 20th century, which heralded breakthroughs in computing, medicine and
several other aspects of our life. The computing industry has seen tremendous
progress over the last few decades, as transistor dimensions have shrunk at
an exponential rate from few hundred microns in the 1970s to few nanome-
ters in 2014. The semiconductor industry has traditionally been driven by
Moore’s Law which incentivizes making computing elements smaller, faster
and cheaper. This downscaling of feature size also results in tighter packing
of wires that connect different elements on a processor. As a result, the para-
sitic resistance and capacitance of these wires, which were largely ignored in
the early days of scaling, are becoming more severe now. The delay in transmit-
ting information is now comparable to the computation delay itself a problem
referred to as the interconnection bottleneck. Expansion of internet, wireless
communication and online social networking has lead to generation of huge
amounts of data that needs to be transported. Modern day datacenters need to
support this by scaling their data transfer bandwidth at every level – server to
server, rack–to–rack and board–to–board.
Optics offers a potential solution to overcome the bandwidth problem since
photons are fundamentally better for transmitting information. Unlike elec-
trons, photons do not interact with each other, so there are no parasitic effects.
Optics has traditionally been used for long distance communication. Fiber op-
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tics forms the backbone of modern day Internet, connecting together different
cities and continents. The primary reason is that glass fibers can carry optical
signals over hundreds of kilometers with relatively low loss, eliminating the
need for frequent repeaters and equalizers. Optical links are now slowly be-
ing used at smaller distance scales. Fiber-to-home technology is becoming more
popular. Optical interconnects also forms the backbone in datacenters and cloud
computing, connecting various racks together. Metal based interconnects have
traditionally been used at smaller distance scales like, board-to-board, chip-to-
chip and within-chip communication. But optics interconnects are steadily scal-
ing down as data rates are increasing. There is increasing interest in the com-
puting industry to shift from copper to photonic interconnects for information
transfer [1, 2].
The biggest impediment in scaling optical communication down to distances
has been the cost of implementation. Optical elements have traditionally been
made from exotic materials like GaAs, InP, LiNbO3 etc., which needs expen-
sive processing and complex packaging. As optics is scaled down, production
volume needs to be increased tremendously. Also requirements on losses and
signal integrity are less stringent for shorter reach communication. To reduce
the cost of optical components, there needs to be a paradigm shift in doing op-
tics from III-V based materials to cheaper, more readily available materials.
Silicon photonics offers a unique platform for cost effective, monolithic in-
tegration and mass production of optical and electronic elements on the same
chip. Modern day Complementary metal oxide semiconductor (CMOS) tech-
nology is so advanced that cost/transistor has gone down from $1 in 1970s
to less than $0.0000001 today. Si photonics promises to leverage this infras-
2
Figure 1.1: Vision of Silicon Photonics. Credit - Lucas Gabrielli.
tructure for manufacturing optics, making small distance optical interconnec-
tion not only cost effective but also possibility of co-integration of electronics
and optics on one chip. Several optical devices have been demonstrated in Si
like low loss waveguides [3, 4, 5], couplers [6], modulators [7, 8, 9], photo de-
tectors [10, 11, 12], hybrid lasers [13] and prototype transmitter–receiver links
[14, 15, 16]. Vision of SiP is shown in Fig. 1.1, where electronics and optics are
co-integrated on one chip.
Many of these optical networks use resonators, where light can undergo
multiple round trips to enhance light matter interaction. Most commonly used
resonators in silicon are microdisks or microrings. A ring resonator based opti-
cal network is shown in Fig. 1.2. Resonators are versatile elements which can be
used to design switches, filters, modulators, mux-demux etc. They are high-Q,
compact, tunable and low power devices. The drawback of resonators is their
3
Figure 1.2: Ring resonator based optical network. Inset shows a fabricated ring
resonator in Si. Credit - Nick Sherwood, Long Chen.
narrow bandwidth which leads to problems like post fabrication wavelength
trimming and temperature sensitivity. The ability to make these compact high-
Q resonators in Si has revolutionized not only optical interconnects, but other
fields like sensing, metrology, biophotonics, non-linear optics and integrated
quantum computing.
1.2 Thermal sensitivity of photonic devices
Sensitivity of any photonic structure to ambient temperature fluctuations stems
from the fact that increase in temperature increases the refractive index of all
commonly used materials like Si, SiO2, Si3N4 etc. This is called thermo-optic ef-
fect, which is a fundamental material property. Thermo-optic coefficient (TO)
of a material is a measure of temperature sensitivity of the refractive index
4
(
TO =
1
n
∂n
∂T
)
. Thermo-optic coefficient of Si (1.86 × 10−4) is almost an order
of magnitude higher than oxides and nitrides. Temperature sensitivity of any
photonic device can be quantified as
∂λ0
∂T
=
λ0
ng(λ)
∂neff
∂T
(1.1)
where λ0 refers to resonance wavelength in case of a resonator or fringe min-
ima wavelength in case of an interferometer, ng is the group index. This leads
to a resonance sensitivity of ∼0.1nm/K for an optical mode tightly confined
in Si, irrespective of cavity design or dimension. This sensitivity is frequently
exploited to tune the resonance wavelength. But this sensitivity also makes Si
photonic devices extremely sensitive to ambient temperature fluctuations. This
problem is especially compounded in resonator based systems due to enhanced
light-matter interaction and narrowband optical responses. Fig. 1.3 compares
the temperature sensitivity of Si based interferometer (order 50) and resonator
(Q=10000). Even though wavelength change due to change in temperature is
exactly same in both cases, transmission change is significantly higher for a
resonator due to narrower transmission bandwidth. Typical temperature fluc-
tuations in a commercial microprocessor can be 10s of degrees within a local
hotspot [17]. Based on Fig. 1.3, one can see that such a resonator, which is typ-
ically used in modulators and filters, will go out of operation (resonance fre-
quency will shift by half linewidth) with only 1 degree change in temperature.
Such extreme temperature sensitivity cannot be tolerated in any realistic appli-
cation. Hence this is one of the outstanding problems in the field, preventing
practical integration of silicon photonic devices.
5
Figure 1.3: Temperature sensitivity of an interferometer and a resonator.
1.3 Prior art in thermal stabilization of photonic devices
Most of the solutions proposed to overcome this problem were either active
or not compatible with CMOS processing. Certain polymers with negative
thermo-optic coefficient have been explored as an overcladding for Si based de-
vices [18, 19, 20, 21]. However these polymers are not compatible with front-end
CMOS processing due to high temperature steps, and also have long term re-
liability issues. Furthermore since most of these polymers have low refractive
indices, the optical mode is Si needs to be delocalized significantly to achieve
athermal operation. This leads to large footprint and resonance tuning difficul-
ties.
Active temperature compensation schemes appear to be most popular cur-
rently because of their ease of implementation [22, 23, 24]. They require a local
6
temperature sensor and wavelength tuning mechanism for every resonator on
the chip. Typically a p-n junction diode or a resistor acts as temperature sen-
sor [25]. Temperature information can also be obtained by tapping a part of
the optical signal using a drop port in a resonator and sending the signal to a
photodiode [22]. Thermo-optic or electro-optic effects are most commonly em-
ployed for resonance wavelength tuning [26, 27, 28, 29]. The former makes use
of the relatively large thermo-optic coefficient of Si (same reason that makes Si
devices especially susceptible to temperature variations). Resistive heaters are
usually fabricated in close proximity to the resonator to change its local tem-
perature. However to avoid metal induced optical losses, the heater cannot be
placed too close to the optical elements. The most common implementation
is placing the heater on top of an oxide cladding few microns thick [30]. This
increased thermal resistance between the heater and the resonator lowers the
tuning efficiency (nm/W or free spectral range (FSR)/W). Some recent works
have tried to improve this efficiency by either thermal isolation of devices [31]
or heater placement in dark zones of a resonator [27]. Despite low efficiency,
thermo-optic tuning is lossless, modestly fast (∼us) and hence very popular.
Electro-optic tuning is achieved through carrier induced plasma dispersion ef-
fect [32]. This effect is most commonly used in making Si optical modulators
because of its fast response times (∼ns) [33]. However due to free carrier in-
duced optical losses and carrier recombination, electro-optic tuning cannot be
used to for large tuning range or large hold times. The biggest drawback of all
these active tuning schemes is the extra power overhead to have the feedback
loop and tuning element running all the time. In fact, many studies estimate this
stabilization power consumption as the biggest component of the overall power
budget [34, 35, 36], and one of the biggest roadblock in practical implementation
7
of Si photonic networks on-chip.
In the coming chapters we will describe multiple solutions that demonstrate
passive, CMOS-compatible thermal stabilization of Si photonic devices. They
cover a very wide design space – all Si devices, system based thermal stabiliza-
tion, integration of novel materials and co design of optics and MEMS (micro
electro mechanical systems). We will also describe other novel functionalities
enabled by some of these schemes and how optics can be engineered to con-
trol temperature at nanoscale. We hope that this work will go a long way in
mitigating the thermal problem in silicon photonics.
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CHAPTER 2
”SMART” INTERFEROMETER BASED THERMAL COMPENSATION
2.1 Introduction
In this chapter, we present a scheme for thermal stabilization of Silicon pho-
tonic devices based on their system level design. We stick to convention-
ally used silicon-on-insulator (SOI) platform and high index contrast Si res-
onators. Thermal response is engineered by designing Mach-Zehnder inter-
ferometers (MZI) with tunable temperature sensitivity. We call them ”Smart”
MZI since their thermo-optic properties can be adjusted on-demand, and res-
onators can be coupled to them for athermal operation. This scheme is fully
CMOS-compatible and the resonators are completely untouched, so tuning and
modulation schemes can be integrated without any design changes.
2.2 ”Smart” MZI design
We propose and demonstrate an approach to eliminate the temperature sen-
sitivity of MZIs by adjusting the thermo-optic effects of their interfering arms
through their waveguide width and length optimization. We demonstrate that
the thermal spectral shift can be brought down to near–zero over a wide tem-
perature range, which to our knowledge is being reported for the first time.
Note that a balanced MZI (both arm lengths being equal) does not suffer from
temperature sensitivity however it cannot be used in many practical applica-
tions like filters and modulators, where a finite spectral range is desired. The
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method shown here is applicable for MZIs of any free spectral range, and hence
provides a technique of passively compensating MZIs to enable scalability for
massively parallel systems
Figure 2.1: Schematic of the proposed device showing the various lengths and
waveguide widths with the inset showing the effect of temperature on its trans-
mission.
2.2.1 MZI Design
The proposed device works on the principle that the guided mode encounters
different effective mode index changes with temperature
(
∂neff
∂T
)
in the two
arms of MZI, induced by different waveguide widths, and by choosing the arm
lengths carefully the temperature sensitivity of one arm can be set to cancel
that of the other, and overall temperature sensitivity can be brought down to
zero. The key idea is to balance the thermo-optic effect between the two inter-
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fering arms while still maintaining a certain phase difference between the two
arms as required by the filter specification. Schematic of the device is shown
in Figure 2.1. The device consists of two arms coupled using 3-dB directional
couplers. While one of the arms propagates a length of L horizontally and L1
vertically (as per schematic) with constant waveguide width of W1, the other
arm propagates a length L2 with waveguide width of W1 and tapers down to a
width of W2 (W2 < W1) for length L.
The overall temperature dependence of the device can be derived from the
temperature dependence of the net optical path length, given by the difference
in propagating lengths in the two arms (∆L) with a given effective mode index
(neff ) and the difference in mode indices (∆neff ) over a fixed length (L). It can
be expressed as
mλ0 = neff∆L+ ∆neffL (2.1)
Here ∆L = L2 − L1, ∆neff = neff (W2) − neff (W1) and m is the interfer-
ence order at a given wavelength (λ0). m can be chosen to be an integer to give
constructive interference at that wavelength, or a half-integer to give destruc-
tive interference. We choose m to be a half integer and focus on the shift with
temperature of a minima point of the spectrum. In practice m and λ0 will be
determined by the filter function requirements. Due to waveguide dispersion
(the change in effective mode index versus wavelength), the interference order
is modified as [37]
M = m−∆L∂neff
∂λ
− L∂(∆neff )
∂λ
(2.2)
The temperature sensitivity of any minima point of the spectrum can then
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Figure 2.2: Controlling temperature sensitivity by varying waveguide width
W2 and length L given that W1 is fixed at 450 nm and height of waveguides is
250nm (a). Spectral shift with temperature as a function of length for different
waveguide widths (W2) without including dispersion effect. (b) Effective mode
index sensitivity to temperature for various waveguide widths, with values cor-
responding to those used in other plots being highlighted (c). Spectral shift with
temperature as a function of length for different waveguide widths (W2) taking
dispersion into account. (d). Resulting interference order plotted against length
of MZI.
be expressed as [37]
∆λ0
∆T
=
∆L
∂neff
∂T
+ L
∂(∆neff )
∂T
M
(2.3)
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From Eqn.(2.3) it can be shown that if ∆L and ∆neff are chosen appropri-
ately with proper signs, the minima shift can be brought down to zero. The
waveguides, in our case, have a fixed height of 250 nm. We calculate the effec-
tive indices neff ,
∂neff
∂T
and
∂neff
∂λ
for TE modes of different waveguide widths
using a full-vector finite element mode solver (COMSOL). For our calculations
we take TO coefficient of Si as 1.86×10−4K−1 [38] and that of the oxide cladding
as 1× 10−5K−1. W1 is fixed as 450 nm while W2 is varied and the corresponding
thermal spectral shifts are studied. Below are the results for a MZI designed for
an interference order (m) of 50.5 at 1550 nm.
The dependence of on the MZI design length (L) is determined by disper-
sion and choice of differential
∂neff
∂T
. Figure 2.2(a) shows the temperature sen-
sitivity without dispersion, while Figure 2.2(c) takes into account the effect of
dispersion. As evident, dispersion not only changes the
∆λ
∆T
profile from linear
to hyperbolic, it also reverses sign after passing through zero dispersion point
[37]. The effect of dispersion has to be taken into account to accurately model
the temperature sensitivity.
Compactness and robustness of the device are determined by the choice of
differential widths, which manifest in differential
∂neff
∂T
. Figure 2.2(b) shows the
magnitude of
∂neff
∂T
at 1550 nm for different waveguide widths whose height
was fixed at 250 nm and Figure 2.2(c) shows the temperature sensitivity of the
spectra vs. length of the device for different differential widths (W1 = 450nm
and W2 = 100, 200, 300, 450, 1000nm). Length of the device (L) required to
achieve a given spectral shift decreases as the difference of
∂neff
∂T
in the two arms
increases. From Figure 2.2(c) it can be seen that very large difference in
∂neff
∂T
can be achieved by choosing a width of around 450 nm in one arm, and 100 –
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300 nm in the other arm. But if the difference in widths is too large, the spectral
shift
∆λ
∆T
becomes extremely sensitive to length and waveguide dimensions, so
that even a small error due to fabrication imperfection can lead to significant
drift of measured
∆λ
∆T
from predicted value. Also thinner waveguides have a
delocalized mode and higher propagation losses which leads to poor extinction.
Hence we avoid extremely narrow waveguide width in our design.
In our design we choose W1 = 450nm and W2 = 200nm to give us close to an
order of magnitude difference in
∂neff
∂T
of each arm (1.99× 10−4K−1 for W1 and
3.16× 10−5 for W2). Note that it is important to maintain the modified interfer-
ence order (M) far from zero to increase fabrication tolerances. The dimensions
chosen allows us to design very compact structures while keeping the interfer-
ence order M > 0 at
∆λ
∆T
= 0. Such devices are broadband and functional over
a wide spectral range. For example, a MZI designed using the above parame-
ters for zero spectral shift with temperature at 1550 nm will have a temperature
sensitivity change of −1.5613 × 10−4nm/K over the entire C–band (1530 – 1561
nm).
2.2.2 Fabrication
The devices were fabricated on a silicon-on-insulator (SOI) wafer with 240nm
Si thickness and 3 µm buried oxide thickness. 100nm of SiO2 was deposited on
the Si layer to act as hard mask. The pattern was transferred using ma-N 2403
negative resist and electron-beam lithography. Then the oxide was etched using
reactive ion etching (RIE). After stripping the resist, a Cl2 ICP (inductively cou-
pled plasma) etcher was used to etch the Si. The devices were finally cladded
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Figure 2.3: Microscope image of the MZI designed to give zero spectral shift
with temperature (L=69 µm and ∆L=63 µm). SEM images of the wide and nar-
row waveguides are shown as insets, and their corresponding measured widths.
The directional couplers have a gap of 200nm and couple over a length of
14.5 µm.
with 3 µm of plasma enhanced chemical vapor deposition (PECVD) oxide. Fig-
ure 2.3 shows a microscope image of the MZI designed to give zero spectral
shift with temperature along with insets showing scanning electron microscope
(SEM) of the wide and narrow waveguides. The waveguide widths were mea-
sured to be 420nm and 190nm for wide and narrow waveguides respectively.
The waveguides taper over a length of 10 µm at the width transition regions.
Several devices were designed for the same interference order of 50.5 at 1550
nm, but different lengths (L) inducing different spectral shifts with tempera-
ture. An uncompensated device with constant waveguide width of 450nm was
also fabricated for reference.
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Figure 2.4: Transmission spectra of devices at different temperatures. (a) Un-
compensated (0.09 nm/K) spectral shift with temperature (b) Fully compen-
sated spectral shift with temperature with L=69 µm. (c) Overcompensated (-0.54
nm/K) spectral shift with temperature with L=150 µm.
2.2.3 Experiment
We show near-zero ( 0.005nm/K) temperature dependence of an MZI in
Figure 2.4(b). For comparison Figure 2.4(a) shows uncompensated spectral
shifts (0.09nm/K) and Figure 2.4(c) shows overcompensated spectral shifts
(−0.54nm/K) with temperature. Transmission spectra of the devices in all cases
correspond to TE polarization. The temperature insensitive MZI was found to
operate over a very wide range of temperature (greater than 50 degrees) with
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Figure 2.5: Operation of temperature insensitive MZI over 50 degrees. The
change is extinction ratio with temperature is attributed to the variation of di-
rection coupler efficiency with temperature.
no significant shift in the transmission minima, as shown in Figure 2.5. Funda-
mentally the device operates over a temperature range in which the dielectric
refractive indices change linearly. Hence it provides an attractive platform for
designing devices to work over a wide temperature range. The ringing effect
seen in the transmission spectra is due to reflection at the directional coupler in-
terface. Also extinction ratio changes slightly with temperature due to change of
coupling ratio at the directional coupler ports. This can be eliminated by replac-
ing the 3–dB directional couplers with Y–splitters or multimode interferometers
(MMIs) which exhibit uniform power splitting regardless of the refractive index
change.
As illustrated in Figure 2.6, the measured thermal spectral shifts agree well
with the theoretically predicted values using Eqn.(2.3). In our calculations
we take into account the measured waveguide widths (W1 = 420nm and
W2 = 190nm). The tapered regions were also taken into consideration while
calculating the spectral behavior of the device. The dashed line corresponds
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Figure 2.6: Measured spectral shift with temperature compared with theoret-
ically calculated values. Spectral shift for uncompensated MZIs is added for
reference (0.09 nm/K) for a constant waveguide width of 450nm. The numbers
in parenthesis indicate (L, ∆L) in µm for the corresponding device. The devices
were designed for an interference order of m = 50.5.
to the uncompensated MZIs whose sensitivity was measured to be 0.09 nm/K.
In our devices, we were able to demonstrate spectral shifts as small as 0.005
nm/K and as large as -0.54 nm/K. The mismatch between measured and theo-
retical values becomes somewhat large at relatively large
∆λ
∆T
values when the
exact dispersion profile becomes relevant. It is important to keep in mind that
∆λ
∆T
would have linear dependence on in absence of any dispersion. It is the
dispersion modified interference order (M) that adds a hyperbolic dependence.
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Figure 2.7: Design of temperature insensitive MZIs for any targeted Free
Spectral Range (FSR). The interference order corresponds (M) to a minima at
1550nm.
2.2.4 Discussion
This design for temperature insensitive devices is fully scalable and applicable
for a wide range of interference orders, i.e., free-spectral ranges of commonly
used filters. This is illustrated in Figure 2.7, which shows the length of MZI (L)
required to achieve temperature insensitivity for a wide range of interference
orders. (L,∆L) combination is chosen for a given m based on Eqn.(2.1) and
Eqn.(2.3). Three cases are considered where the width of one of the arms is
varied (100, 200&1000nm) keeping the other arm fixed at 450nm. The length of
the device required increases linearly with interference order. Note however
that the waveguides can be routed in a coiled manner in each arm to optimize
area. The device size scales down with increasing difference in
∂neff
∂T
between
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the two arms (refer Figure 2.2(b)).
The proposed approach is applicable for any waveguide geometry strip,
slot or rib waveguides. The application for rib waveguides is especially promis-
ing since it can be used to make temperature insensitive free carrier injection
based modulators in silicon. For e.g., the MZI based modulator proposed by
IBM [7] uses rib waveguides 550nm wide and 220nm tall, with a silicon slab of
35nm for electrical injection. 80 µm path length difference gives a Vpi.L=0.36 V–
mm. Simulations show that the same specifications can be achieved, along with
temperature insensitivity, in a MZI with L = 591.93 µm and ∆L = 82 µm (with
reference to Figure 2.1). The wide and narrow waveguide widths were taken as
550nm and 300nm with other rib parameters unchanged.
We have demonstrated that integrated Mach-Zehnder interferometers can
be custom designed to give temperature insensitive operation over a wide tem-
perature range by choosing right combination of wide and narrow waveguides.
We have also shown how dispersion modifies the dependence of spectral shift
with device length, and how proper choice of differential waveguide geome-
try can allow us to design robust devices whose measured thermal sensitivity
agrees very well theoretically predicted values. The approach demonstrated
here can lead to passive thermal compensation of CMOS–compatible optical fil-
ters, switches and modulators. These devices, when in the overcompensated
mode, can also achieve large negative spectral shifts and therefore give rise to
novel devices that, for example, compensate other devices with traditional pos-
itive temperature induced spectral shift.
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2.3 Athermal Ring Resonators
We propose a new class of resonant silicon optical devices, consisting of a ring
resonator coupled to a Mach-Zehnder interferometer, which is passively tem-
perature compensated by tailoring the optical mode confinement in the waveg-
uides. We demonstrate operation of the device over a wide temperature range
of 80 degrees. The fundamental principle behind this work can be extended
to other photonic devices based on resonators such as modulators, routers,
switches and filters.
Figure 2.8: (a) Schematic of the device showing the various waveguide lengths
and widths. The MZI is highlighted in blue and the ring in red. (b) Typical
transmission spectrum for such a device with 40 µm ring radius and the MZI
is balanced, i.e. the overall path lengths of the two arms are equal. (c) Change
in optical path length with temperature for the ring and MZI. The devices are
designed to have opposite and equal phase shifts with increase in temperature.
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2.3.1 Athermal Design
We control the thermal drift of photonic structures by tailoring the degree of op-
tical confinement in silicon waveguides. The basic photonic structure we pro-
pose consists of a ring resonator overcoupled to a balanced Mach-Zehnder inter-
ferometer (MZI) [39, 40]. The schematic of the device is shown in Fig 2.8(a). The
additional degree of freedom in the choice of waveguide widths [37, 41], apart
from just the lengths, enables one to set the thermal dependence of the MZI to
counteract the thermal drift of the ring. The waveguide widths and lengths are
chosen in the two arms of the MZI to give a balanced transmission (net optical
path length difference in MZI (∆φMZI) is zero) (see Fig 2.8(b)) while having a
strong negative temperature sensitivity overall
(
∂
∂T
∆φMZI < 0
)
. The ring has
a large enough waveguide width to enable highly confined single mode opera-
tion, and consequently strong positive temperature sensitivity
(
∂
∂T
φRing > 0
)
.
The relative temperature sensitivities of the ring and the MZI, compared in
Fig 2.8(c), are designed to cancel each other out.
The device is made inherently robust to temperature changes - its resonance
oscillates about a central wavelength with temperature instead of drifting away,
as is the case in standard resonators, due to the periodic interplay of the ring and
MZI phase change with temperature. These oscillations arise due to the differ-
ence in the linear phase induced by the MZI with temperature and the nonlinear
phase induced by the ring. This phase difference, captured in Eqn.(2.4) [40], is
converted into intensity modulation at the output of the structure.
∂
∂T
φREMZI =
∂
∂T
{
phase
(
t− αeiβLRing(T )
1− αteiβLRing(T )
)}
+
∂
∂T
{βLMZI(T )} (2.4)
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where phase(X) = tan−1
(
Im(X)
Re(X)
)
, X being a complex number, LRing and
LMZI are the net optical path lengths for the ring and the MZI respectively, t is
the cross coupling coefficient of the ring to waveguide, (1 − α) is the roundtrip
loss in the ring and β is the propagation constant in air. The waveguide widths
are used to tailor LRing and LMZI . The first term in Eqn.(2.4) is the change of
phase induced by the ring with temperature, which redshifts the resonance with
increase in temperature; while the second term refers to the change in optical
path lengths of the two arms of the MZI with temperature designed to have
a strong negative value, which compensates for the phase change of the ring.
The difference between these phases can be seen in Fig 2.9(a) where we plot,
as an example, the phase change at a given wavelength of a 40 µm radius ring
resonator as a function of temperature, and the phase added of the MZI at that
wavelength. It can be see that the nonlinearity of the ring phase gives rise to two
distinct regions - one where the MZI added phase is smaller than the compen-
sating phase required, and one where the MZI added phase is larger than the
compensating phase required. The corresponding resonance lineshapes at each
of these temperature ranges is shown in Fig 2.9(b). For a temperature change
of Tper the resonance lineshape exactly corresponds to the one at base tempera-
ture; hence Tper is defined as one temperature cycle within which the resonance
undergoes a complete oscillation as shown in Fig 2.9(b). It is this periodic mis-
match between the phase added by the MZI and the phase compensation re-
quired that gives rise to oscillation in the ring resonance with temperature.
For a ring of given radius, only a particular choice of compensating MZI can
result in perfect oscillations in the ring resonance with temperature. If the com-
pensation is too large or too small, the ring resonance drifts away with increase
of temperature while still exhibiting the periodic behaviour. This is in sharp
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Figure 2.9: (a) Phase change induced by in ring and by the MZI with tempera-
ture. The inherent nonlinearity in the ring phase gives rise to distinct overcom-
pensated and uncompensated regions. This behavior repeats itself after one
temperature period Tper. (b) Corresponding resonance lineshapes at different
temperatures within one temperature period. The resonance displays periodic
oscillations centered at λ=λres.
contrast with normal ring resonator systems, where the resonance drifts mono-
tonically with temperature. The locus of minima points of the spectra for such
a system can be shown to vary with temperature as
∆λmin =
(
λ0
LRing + χLMZI
)
∂LRing
∂T
T − 2
β
∂LRing
∂T
tan−1
1− t1 + t tan
γβ∂LRing∂T
2



(2.5)
where χ =
1− t2
1 + t2 + 2t cos (βLMZI)
and γ =
(
∂LMZI
∂T
)
(
∂LRing
∂T
) is the compensation
factor. Fig. 2.10(a) shows the behaviour of ∆λmin for different cases of com-
pensating factor (γ). Only when γ = 1, we get perfect oscillations in the res-
onance minima with temperature. If γ > 1, the ring is overcompensated and
the resonance slowly blueshifts with temperature; while if γ < 1, the ring is un-
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dercompensated and the resonance slowly redshifts. For reference, ∆λmin shift
with temperature for a normal uncompensated ring resonator is also shown in
Fig. 2.10(a), which increases monotonically with temperature.
Figure 2.10: (a) Resonance minima shift for different cases of compensation for
a ring resonator with 40 µm radius, showing the oscillatory behavior with tem-
perature. The monotonic drift of an uncompensated ring is also added for refer-
ence. (b) Resonance minima shift with temperature for different ring resonator
radii. The resonances oscillate less for larger rings, as compared to smaller rings.
Smaller oscillations with temperature can be achieved by using structures
where the phase compensation mismatch is smaller. This can be achieved using
a ring with a large radius (see Fig. 2.10(b)). Since the resonances of a larger
ring are closely spaced, the phase compensation mismatch width (shown in
Fig 2.9(a)) is smaller. Smaller oscillations can also be achieved by cascading
multiple rings on a single MZI (for WDM (wavelength division multiplexing)
systems [20]). From Eqn.(2.5), it can be deduced that N smaller rings with radii
R ± δr coupled to one MZI behaves like a single ring with radius NR , and the
resulting thermal oscillations (∆λmin) are
1
N
times smaller than single ring case.
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Figure 2.11: Optical microscope image of the device consisting of a 40 µm radius
ring resonator coupled to a MZI whose lengths are shown. The coupling gap is
110nm. SEM insets show the actual waveguide widths at various parts of the
device.
2.3.2 Fabrication
The devices were fabricated on a silicon-on-insulator (SOI) wafer with 240nm
Si thickness and 3 µm buried oxide thickness. 100nm of SiO2 was deposited
on the Si layer to act as hard mask. The pattern was transferred using ma-N
2403 negative resist and electron-beam lithography. Then the oxide was etched
using reactive ion etching (RIE). After stripping the resist, a Cl2 ICP (induc-
tively coupled plasma) etcher was used to etch the Si. The devices were finally
cladded with 3 µm of plasma enhanced chemical vapor deposition (PECVD)
oxide. Fig. 2.11 shows the optical microscope image of a 40 µm radius ring res-
onator coupled to a balanced MZI, with SEM insets showing the corresponding
waveguide widths. The wide and narrow waveguide widths were measured
to be 420nm and 190nm respectively. The waveguides taper over a length of
10 µm at the width transition regions. The ring-to-waveguide coupling gap was
110nm for this specific device. The lengths of the MZI arms are also shown
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in Fig. 2.11. The measured quality factor of the ring was around 7000, a good
value for switching and modulation applications for up to 40Gbps input data
[42] (quality factor is defined for T=Tper (see Fig. 2.10(b))).
Figure 2.12: Bar port transmission spectrum of the device, centered around
1565.6nm, at different temperatures. The dots represent actual measured data,
and the straight lines represent theoretical lineshapes at those temperatures.
2.3.3 Experiment
The fabricated devices show temperature stability over a large temperature
range of over 80K. Transmission spectra of this device at the bar port were mea-
sured at different temperatures. The transmission around 1565.5nm for several
different temperatures is shown in Fig. 2.12. For reference, the theoretical line-
shapes at these temperatures are shown. The measured data agree very closely
with the theoretical lineshapes. For a 40 µm radius silicon microring resonator,
Tper is around 22 degrees (since the free spectral range is 2.2nm in the C–band).
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In this particular case the oscillation in the wavelength at the transmission min-
ima was less than 1nm. We measured less than 3 dB worst case degradation in
the transmission minima.
Figure 2.13: Eye patterns of 1Gbps input data at different temperatures overlaid.
The probe wavelength was 1542.375nm, which corresponds to a bar port reso-
nance at base temperature (22.5 ◦C). The eye-patterns show error free operation
over around 80 degrees. Inset shows the laser position w.r.t resonance.
Continuous operation over 80 degrees was demonstrated by passing a
1Gbps, 27-1 pseudo-random data at a bar port resonance of 1542.375nm. The
transmission wavelength was chosen slightly off-resonance at base temperature
(22.5 ◦C) since the spectral lineshape was not perfectly lorenztian. Eye patterns
were obtained at different temperatures. Fig. 2.13 shows the eye patterns at dif-
ferent temperatures overlaid together, which clearly shows that the eye never
closes at any temperature. Note that the rise time is not clearly visible due to
resolution limitation. In fact the quality factor of these eye patterns never goes
below 10 with an error free operation (BER < 10−12) [43, 44]. The eye open-
ing decreases and increases with temperature as expected due to the oscillatory
temperature dependence of the device.
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2.3.4 Discussion
In summary, we have demonstrated for the first time a temperature insensitive
resonator-based device on silicon, with no extra power required for thermal sta-
bilization. The device is shown to operate over a wide temperature and spectral
range. The device is expected to have high performance as long as the dielectric
refractive indices change linearly with temperature. It is also assumed that both
the ring and the MZI are located in the same thermal hotspot which is typically
500×500µm2 in commercial microprocessors [17]. The approach presented here
can be used in a ring resonator modulator system by surrounding the ring with
diodes. A reduction in footprint of the device could be achieved by using nar-
rower waveguides in MZI arm, or routing the arms in a coiled manner. The
performance of the device could be further enhanced by using splitters/ cou-
plers which are refractive index independent (like Y–splitters, MMIs) instead of
directional couplers. This approach is applicable for rib, slot or strip waveg-
uides. This new generation of devices could lead to ultralow power on–chip
optical interconnects capable of meeting the demands for the next generation of
microprocessors.
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2.4 Athermal Silicon microring modulator
We demonstrate a new class of passively temperature stabilized resonant sili-
con electro-optic modulators. The modulators consist of a ring resonator cou-
pled to a Mach-Zehnder interferometer with tailored thermal properties. We
demonstrate 2 GHz continuous modulation over a temperature range of 35 ◦C
and describe the scalability and design rules for such a device.
2.4.1 Modulator design for athermal operation
The modified MZI, that compensates the temperature dependence of the ring
resonator, is designed by considering the optical paths of the ring and the MZI.
The MZI has two sections: in one section each arm has waveguides of different
widths (characterized by difference in their effective mode indices ∆neff ) but
same length (Lmzi) while in another section, each arm has waveguides of same
width (characterized by mode effective index neff ) but different lengths (∆Lmzi)
(see Fig. 2.8). The ring resonator is overcoupled to the thinner arm of the MZI.
The MZI is balanced, i.e. its interfering optical path lengths are equal to ensure
that the overall spectrum is the one of the ring resonator, while its thermal sen-
sitivity is equal and opposite to that of the resonator [45]. The shift in optical
paths with temperature of the MZI and the ring are equal when the following is
satisfied :
MZI(T ) =[
neff +
∂neff
∂T
T
]
∆Lmzi +
[
∆neff +
∂∆neff
∂T
T
]
Lmzi = −
[
∂neff
∂T
T
]
2piR (2.6)
where R is the ring radius. An athermal ring is then designed by equating
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coefficients of T (T 0&T 1) and solving Eqn.(2.6) for Lmzi and ∆Lmzi.
2.4.2 Fabrication
We fabricate the athermal modulator by integrating a p-i-n diode around the
ring resonator, which modulates the phase on one of the arms of the MZI. Thus
the modulation scheme remains resonant (which preserves the low power of
the modulator), while the MZI acts as a passive thermal stabilization device
and translates any phase modulation at the ring into intensity modulation at
the output. The devices were fabricated on 250nm silicon on insulator substrate
using multiple e-beam lithography steps. The waveguides were etched using
two step lithography leaving a 40nm slab only around the ring for the p-i-n
diodes. Next, we performed the implantation steps for the p-region (BF2) and
n-region (Phosphorous). 1 µm SiO2 was deposited as top cladding and multiple
annealing steps were performed. Vias were then etched, followed by deposition
of contacts and probe pads respectively. Fig. 2.14 shows a microscope image of
the final fabricated device. The ring has a 80 µm radius while the MZI has a
dimension of 418 µm by 1687 µm.The p-i-n diode had a forward resistance of
700 Ω.
2.4.3 Experiment & Performance
We show that the extinction ratio (ER) in our device varies only slightly with
temperature and is consistently around 2dB. Fig 2.15(a-e) shows the normalized
optical transmission change at the output, when a CW input laser with 1 µW
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Figure 2.14: (a) Optical microscope image of the device, which consists of an
80 µm radius ring resonator coupled to a MZI. The ring has a p-i-n diode inte-
grated around it. Waveguide cross sections at various parts of the device are
shown. (b) I-V characteristics of the p-i-n diode.
power was set at the resonance wavelength of the ring (1555.3nm) and voltage
across the diode was swept, for a temperature range of 20 ◦C–40 ◦C. The optical
power at the output undergoes a transition of around 2dB for all temperatures
for a voltage swing of 1.5V indicating that at every temperature, for a fixed volt-
age swing, there is a finite modulation in optical transmission. The extinction
ratio (shown by dotted lines) fluctuates with temperature but does not degrade
severely. ER in our devices is mainly limited by the couplers at the input and
output of the MZI. This can be easily improved by designing optimized 3dB
couplers. Fig 2.15(f) shows the theoretical ER dependence with temperature
spanning 40 degrees. ER decreases just as temperature starts increasing, in-
creases around 10 ◦C and decreases somewhat afterwards. For an 80 µm radius
ring, the temperature period (Tper) was 20 degrees. This behavior keeps repeat-
ing for higher temperatures. This oscillation of the ER with temperature is due
to the fact that even though the optical path change with temperature of both
the MZI and ring can be designed to be equal and opposite, their phases cannot
since the ring phase changes nonlinearly with temperature while the MZI phase
changes linearly [45]. We show here that despite the limitation in the compen-
sation approach, a finite ER is always maintained between the optical ON and
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Figure 2.15: (a-e) DC measurement of optical power transition as diode voltage
is changed for different temperatures. (f) Change in predicted optical extinction
ratio with temperature over two temperature periods.
OFF states for all temperatures during modulation. In our calculations we con-
sidered a ring with 80 µm radius, ng (group index) = 4.3, ∆neff/∆T = 1.8×10−4,
2 dB/cm propagation loss and a coupling constant of 0.8 to the waveguide. A
fixed electron-hole concentration ∆N = ∆P = 1 × 1018cm−3 is added to the
device, resulting in an effective index shift ∆neff = −0.003 and absorption
∆α = 14.5cm−1 [32]. The modulation is assumed to be sufficient to shift the res-
onance by half of its linewidth. The resonator quality factor is 8000. Note that
higher Q-factor would cause more assymetric lineshapes, which causes greater
degradation of ER with change of temperature, and constraints adjacent chan-
nel spacing.
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Figure 2.16: (a) simulated eye diagrams showing the periodic change in eye di-
agram shape with temperature over one temperature period. (b) 2 Gbps square
wave modulation eye diagrams for different temperatures. Measurements span
over two temperature periods. Corresponding predicted eye is shown in the
top row.
We modulated the applied voltage to the device at 2 Gbps and demonstrated
open eye diagrams, over a 35 degree temperature range (shown in Fig. 2.16(b))
which corresponds to two temperature periods. The modulation speed in our
devices was limited by the contact resistance. In principle, with optimized p-i-n
or p-n diode design, it should be possible to achieve much higher modulation
speeds up to tens of GHz[33]. Fig. 2.16(a) shows simulated eye diagrams for
previously mentioned modulation parameters with a Gaussian noise distribu-
tion. One can see that while there is a periodic change in the shape of the eye
with change of temperature, as expected from Fig. 2.15 due to asymmetric line-
shapes [45], they remain open. The measured eye diagrams also follow the same
pattern (Fig. 2.16(b)) over a large temperature range.
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2.4.4 Design trade-off
There is a trade-off between the device area and temperature operating range
for such devices. The fluctuations in ER with temperature increases as the ring
radius is reduced due to the corresponding increase in free spectral range (FSR)
and therefore stronger nonlinear dependence of the ring resonator transmis-
sion with temperature. This trade-off can be optimized by limiting the working
range and using the MZI to overcompensate the thermal redshift of a small
ring resonator. In the overcompensated regime the blueshift of the MZI is
stronger than redshift of the ring resonator limiting the detuning in ring res-
onance which in turn leads to improved ER over a given temperature range.
Fig. 2.17(a-c) shows the theoretical modulation in optical transmission as a
function of index perturbation (negative sign in ∆n is due to carrier injection
based modulation) for different temperatures for a ring with 10 µm radius and
∂MZI(T )
∂T
= −5
(
2piR
∂neff
∂T
)
(see Eqn.(2.6)). All other simulation parameters
same as mentioned before. One can see that for three different temperatures,
degradation in extinction ratio is minimal. Fig. 2.17(d) shows that extinction ra-
tio is greater than 3dB over −10 ◦C to 15 ◦C and falls off on either side of these
two temperatures. This device has a working range of 25 degrees, which is
sufficient for most practical applications, and an area approximately 10 times
smaller than the device shown in Fig. 2.14. Note that device area can be also
reduced by coiling the MZI arms, limited by the bending radius of the thinner
arm.
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Figure 2.17: (a-c) Optical transmission change as a function of index perturba-
tion of an overcompensated 10µm radius resonator at different temperatures.
ER for a modulation of strength ∆n = −2.2×10−3 is shown. Negative sign indi-
cates resonance blueshift with carrier injection. (d) Change in optical extinction
ratio with temperature.
2.4.5 Discussion
We showed the first demonstration of a silicon microring modulator working
over a 35 degree temperature range with no extra power required for thermal
stabilization. We presented design procedure and performance analysis of these
devices and discussed how to reduce the device footprint. These devices can be
custom designed based on the application specifications, and various parame-
ters such as ring radius, compensation factor, coupling ratio, mode confinement
etc. can be adjusted to achieve the desired performance. These MZI assisted
resonant athermal devices are naturally suited for wavelength division multi-
plexing (WDM) applications since multiple rings can be coupled to the same
arm of the MZI, to achieve thermal stabilization. Application of these compact
and robust devices can be extended to switching, filtering and other on-chip
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resonator based functionalities.
37
CHAPTER 3
ATHERMAL DESIGN USING A NEGATIVE THERMO–OPTIC
CLADDING
3.1 Introduction
In this chapter we describe a novel approach for passive and CMOS-compatible
temperature insensitive integrated optical devices using a metal-oxide cladding
having negative thermo-optic effect. Metals oxides like TiO2 and SrTiO3 have
been investigated in semiconductor industry as a gate dielectric [46]. These
metal oxides also have negative thermo-optic coefficient due to presence of a
soft electronic band [47] (TOT iO2 ∼ −1 × 10−4K−1, TOSrT iO3 ∼ −1 × 10−5K−1).
This is in contrast to commonly available dielectrics and semiconductors which
have positive thermo-optic coefficients (TOSi = 1.8 × 10−4K−1, TOSiN ∼ 2 ×
10−5K−1, TOSiO2 ∼ 1×10−5K−1). There has been some limited effort in reducing
temperature sensitivity of optical devices using TiO2 overcladding [48, 49, 50].
Ref [49] has done a thorough analysis of TiO2 deposition and showed close to
athermal performance. Here we show that completely athermal optical devices
can be realized by engineering the mode-overlap between Si based materials (Si
/ SiN/ SiO2) and TiO2. This scheme of temperature compensation is CMOS-
compatible, lossless, does not require any extra footprint and can lead to very
large temperature operating range.
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Figure 3.1: Resonance wavelength sensitivity to temperature (∂λ0
∂T
in nm/K)
for (a) TE and (b) TM polarizations. Si guiding layer is 220nm thick. Black
dashed line represents the optimum waveguide width and cladding thickness
for athermal operation. Energy flux density of optical modes in a 250nm wide
waveguide is shown at the top. TiO2 cladding thickness is 300nm.
3.2 Athermal design with TiO2 cladding
3.2.1 Optical design
In order to ensure that the positive TO effect of the Si core is exactly cancelled
out by negative TO effect of the cladding, we engineer the optical mode con-
finement in TiO2 cladding layer by tailoring the waveguide dimension and the
cladding thickness. We consider both transverse electric (TE) and transverse
magnetic (TM) like optical modes in a 220nm thick Si guiding layer with varying
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waveguide widths and TiO2 cladding thicknesses. Fig. 3.1(a) shows the Poynt-
ing vector of the TE mode of a 250nm wide hybrid TiO2 - Si waveguide and
temperature sensitivity of the resonance wavelength, when the TE mode is in
resonance. Fig. 3.1(b) shows the same for the TM mode. Optical modes are sim-
ulated using a Finite Element Method based solver (COMSOL), assuming the
thermo-optic coefficients mentioned previously. The refractive indices of TiO2
was assumed to be 2.35 (measured using ellipsometry). Temperature sensitiv-
ity is characterized in terms of resonance wavelength change with temperature
(
∂λ0
∂T
=
λ0
ng
∂neff
∂T
). It is important to note that this sensitivity is independent of
device structure (ring resonators or photonic crystal cavitites) and depends only
on modal confinement in Si. For both TE and TM polarizations, the resonance
wavelength sensitivity is ∼ 0.1nm/K for modes strongly confined in Si, and
without any TiO2 cladding. This sensitivity decreases as the mode is delocal-
ized into the TiO2 cladding and the thickness of the TiO2 cladding is increased.
For achieving true athermal operation, the exact geometry of the Si waveguide
and TiO2 cladding thickness needs to be chosen very carefully. For TM mode of
a 220nm thick silicon waveguide, any waveguide width will have a correspond-
ing TiO2 cladding thickness that would allow athermal operation. On the other
hand, for the TE mode, if the waveguide is too wide such that the optical mode
is strongly confined in Si, athermal operation will not be possible irrespective of
TiO2 cladding thickness.
3.2.2 Fabrication
The athermal ring resonators were fabricated on a 220nm thick silicon-on-
insulator (SOI) device layer. The waveguides were patterned using electron
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Figure 3.2: (a) TiO2 cladded Si microring resonator. Inset shows a false colored
SEM cross section of the waveguide. (b) AFM image of the TiO2 surface.
beam lithography and etched in chlorine chemistry in an inductively coupled
reactive ion etcher. Titanium oxide was deposited on top of the waveguides us-
ing reactive sputtering of a titanium target in O2. The sputtering was performed
at a pressure of 2 × 10−6 Torr and 2kW power. Sputtered TiO2 films were char-
acterized using a visible-near IR ellipsometer and Raman spectroscopy. Refrac-
tive index of ∼ 2.35 was measured at near IR wavelengths. Raman spectrum
of the sputtered sample shows no visible peaks, indicating the amorphous na-
ture of the deposited TiO2 film. AFM scan of the surface (Fig. 3.2(b)) indicates
surfaces roughness below 2 nm RMS. Fig. 3.2(a) shows a microscope image of a
fabricated Si ring resonators with TiO2 cladding. Si waveguide width in the fab-
ricated ring resonators was varied from 450nm to 150nm to observe the effect
of mode delocalization on thermal sensitivity. Inset of Fig. 3.2(a) shows cross
section of a waveguide with 150nm width and 200nm thick TiO2 cladding.
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Figure 3.3: (a) Measured resonance sensitivity to temperature as a function of
waveguide width, for TE and TM modes. Resonance sensitivity decreases sig-
nificantly as mode is delocalized into TiO2 cladding. Theoretical curves are ob-
tained assuming 200nm thick TiO2 layer. (b) Temperature dependence of the
resonance for hybrid Si-TiO2 resonator (athermal TM mode, right) compared to
that of a conventional Si resonator (left).
3.2.3 Experiment
We demonstrate temperature insensitive operation of a Si microring resonator
with TiO2 overcladding. Fig. 3.3(a) shows the temperature sensitivity of reso-
nance wavelength of the fabricated microring resonators, for different waveg-
uide widths and polarizations. All of these resonators were fabricated on the
same chip. The temperature sensitivity was measured by collecting spectra over
10 degrees, at intervals of 2 degrees, followed by a linear fit to resonance wave-
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lenths. Error bar corresponds to uncertainty in the linear fit. Each waveguide
width corresponds to a different confinement in the Si core. Measured data is
compared against numerically calculated sensitivity assuming TiO2 thickness of
200nm and λ0 = 1550nm. For the case of TE polarization (Fig. 3.3(a) blue line),
the temperature sensitivity is around 0.09nm/K when the mode is strongly con-
fined in Si (450nm wide waveguide). However as the optical mode is delocal-
ized more into TiO2, temperature sensitivity decreases and becomes negative
(∼ −0.03nm/K) for 150nm wide waveguide. For the case of TM polarization
(Fig. 3.3(a) red line), the sensitivity is around 0.04nm/K for a strongly confined
mode in Si and very close to zero for 150nm wide waveguide. Fig. 3.3(b) shows
the corresponding athermal transmission spectrum compared to that of a res-
onator without any thermal compensation. Losses in the deposited TiO2 was
estimated to be around 16 dB/cm, by comparing change in quality factor of the
resonances as a function of mode confinement in Si and TiO2. This loss can be
reduced significantly by improving the deposition and reducing scattering at Si
– TiO2 interface. Optical losses in similar material has been reported to be less
than 3 dB/cm [51, 52].
We demonstrate error free operation of hybrid TiO2 – Si microring resonator
based optical filter over 35 degrees. The device used was similar to the one
shown in Fig. 3.2(a) with an extra drop waveguide coupled to the ring. We trans-
mitted 231 − 1 PRBS (pseudo random binary sequence) data at 5 Gbps through
the device, centered at resonance wavelength, and varied the stage temperature
(using a thermoelectric stage and temperature controller). The data was then
sent to a commercial receiver (Picometrix PT15) and a bit error rate detector.
Fig. 3.4(a) shows the bit error rate (BER) and corresponding eye diagrams for
both the athermal ring resonator and a conventional Si resonator with similar
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quality factor (where the temperature sensitivity is around 0.09 nm/K). For the
conventional uncompensated device, BER becomes greater than 1E-9 after only
2 degrees (Fig. 3.4(a) blue line). For our athermal device, data transmission is
close to error free over 35 degrees (Fig. 3.4(a) red line). This operating range
should extend even further. Slight variations in BER is due to fluctuation in
fiber to waveguide coupling with temperature. We also characterized the power
penalty of the athermal optical filter for a 1 ◦C fluctuation in temperature, and
compared it to an uncompensated Si resonator based filter [22]. The 1 ◦C tem-
perature fluctuation was introduced by placing the sample on a temperature
controlled stage and modulating the stage temperature at a rate of 1 Hz. This
amount of temperature fluctuation is small enough such that the waveguide
to fiber coupling is minimally perturbed, while modeling a realistic operating
condition. The conventional resonator has a power penalty > 1dB, while the
hybrid Si – TiO2 resonator has power penalty < 0.1dB (Fig. 3.4(b)).
Figure 3.4: (a) BER vs. temperature for 5Gbps data transmission. (b) BER vs.
received power for 1 ◦C temperature fluctuation.
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3.3 Discussion
We demonstrated a new technique for realizing athermal Si photonic devices
using a TiO2 over cladding. This approach is CMOS compatible, low loss and
yields large temperature operating range. Simulations show that athermal oper-
ation is relatively insensitive to slight variations in TiO2 thickness. Engineering
the mode confinement is extremely critical for achieving athermal operation. It
should be noted that this method is mainly applicable for resonators with ra-
dius 10 µm radius due to the need for a slightly delocalized mode. This method
of passive athermalization can lead to practical monolithic integration of silicon
photonic devices.
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CHAPTER 4
CONTROLLING THERMO-OPTIC RESPONSE IN RESONATORS USING
CANTILEVERS
In this chapter we demonstrate a novel method to control the thermo-optic
sensitivity in nanophotonic devices by optically coupling them to bimaterial
cantilevers. The cantilever can be designed to provide a negative thermal feed-
back to compensate for the positive thermo-optic shift the in waveguide core.
The resultant devices are shown to athermal and can be designed to operate
over a wide temperature range. Furthermore we discuss how this concept can
be used to overcome the theoretical thermo-optic sensitivity limit of Si, and sig-
nificantly increase the resolution of resonator based sensors and thermal im-
agers.
4.1 Introduction
Thermal sensitivity of optical microresonators can be a blessing or a curse de-
pending on the application. Sensitivity of any photonic structure to ambient
temperature fluctuations stems from the fact that increase in temperature in-
creases the refractive index of all commonly used materials. This is called
thermo-optic effect, which is a fundamental material property. Thermo-optic
coefficient of Si (1.86 × 10−4) [38] is almost an order of magnitude higher than
that of most other commonly used photonic materials (SiO2, Si3N4 etc.) [53].
This leads to a resonance sensitivity of ∼ 0.1nm/K for an optical mode tightly
confined in Si, irrespective of cavity design or dimension. This sensitivity is fre-
quently exploited to tune the resonance wavelength or make sensitive detectors
and thermal imagers. But this sensitivity makes Si photonic devices unstable in
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a realistic platform, because of their extreme temperature sensitivity.
4.2 Lowering thermo-optic sensitivity
4.2.1 Motivation
Most of the approaches proposed to overcome the problem of temperature sen-
sitivity in Si photonics are either power hungry, CMOS-incompatible or lead
to delocalized optical modes. Temperature stabilization scheme using negative
thermo-optic coefficient based polymers [18, 19] are not compatible with front-
end CMOS processing and lead to delocalized optical modes. Active stabiliza-
tion involving sensors and heaters [25, 27, 26, 29, 54, 22, 23] can be extremely
power hungry, esp. since heaters need to be placed far away from the optical
mode to avoid metal induced losses. Recently there have been novel demon-
strations of thermal stabilization of a resonator by coupling it to a larger inter-
ferometer [41, 45, 55] which counteracts the thermally induced phase change
in the resonator. This scheme is CMOS-compatible and passive, but needs ex-
tra footprint to accommodate the interferometer. Finally few recent works have
used TiO2 as a cladding material, which has a negative TO effect to counter the
positive TO effect of Si [50, 56, 49, 57]. The drawback of this scheme is that
the optical mode is delocalized and any further tuning or modulation becomes
extremely power hungry.
We present a scheme that controls the thermo-optic response of the cav-
ity independent of the cavity design or material thermo-optic coefficient. We
achieve this by evanescent coupling between a bimaterial cantilever and optical
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resonator. The properties of the cantilever can be designed to provide a neg-
ative thermal feedback to the cavity, which helps in thermal stabilization, or a
positive thermal feedback which helps in increasing the temperature sensitiv-
ity. Cantilevers have previously been coupled to microresonators for achieving
ultralow power wavelength tuning [58] and for decoupling optical and mechan-
ical resonators in optomechanics [59, 60, 61, 62, 63].
Figure 4.1: (a) Schematic of the proposed Smart Ring - a bimaterial cantilever is
coupled to the waveguide. (b) Cross-section view of the proposed device and
E-field along the dashed line.
4.2.2 Cantilever and Optical design
For a temperature stabilized Si resonator, temperature induced refractive in-
dex change in the waveguide core is counteracted by the optomechanical
shift caused by temperature induced movement of the cantilever. The device
should be compact, CMOS-compatible and has large modal confinement in
Si. High confinement in Si is necessary for dense integration and low power
tuning (thermo-optic or electro-optic). The proposed device and cross-section
schematic is shown in Fig. 4.1.
Thermo-mechanical response of the cantilever and optomechanical coupling
48
Figure 4.2: (a) Effective index of the coupled optical mode as a function of cou-
pling gap. (b) Change in effective index of the optical mode as a function of
temperature for different coupling gaps of the cantilever. When the cantilever
is far away, change in effective index is positive and constant (∼ 2 × 10−4 K−1).
As the coupling gap is reduced, the cantilever interacts strongly with the optical
mode and causes giant negative change. Somewhere in between, there is an op-
timum coupling gap which results in no change in mode neff with temperature.
is designed to exactly cancel out the thermo-optic drift of the ring. The bi-
material cantilever is designed such that it bends upwards as temperature in-
creases, thereby decreasing the effective index of the coupled mode and coun-
teracting the thermo-optic effect. This is achieved by ensuring that the bottom
layer of the cantilever has a higher thermal expansion coefficient (α) than the
top layer. In our specific design we chose Al2O3 (α = 8 × 10−6 K−1) and Silicon
(α = 3 × 10−6 K−1), each 100nm thick. As clear from the optical mode of this
structure shown in Fig. 4.1(b), small fraction of the optical field is coupled to the
cantilever on top. The strength of this coupling can be engineered by cantilever
design – refractive indices of the layers, material thicknesses and the initial gap.
When the cantilever is far away from the waveguide, the optical mode would
be minimally perturbed by change in cantilever position. When the cantilever
is close to the waveguide, small change in cantilever position would affect the
optical mode significantly. Fig. 4.2(a) shows the strength of the optomechanical
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Figure 4.3: (a) False colored SEM image showing the coupling waveguide and
the bimaterial cantilever. Scale bar is 2 µm. (b) Cantilever position at room
temperature (above) and 100 ◦C (below). Scale bar represents 20 µm.
coupling. Effective index (neff ) of the coupled mode increases strongly as gap
is reduced. For athermal operation we want to design the coupling so that it
is just enough to cancel out the thermo-optic change of the optical mode. Fig.
4.2(b) shows the change in effective mode index of the TE mode (neff ∼ 2.27) as
a function of temperature for several different gaps. It is evident that when gap
is large enough (≥ 400nm) neff increases with temperature at a rate of∼ 2×10−4
K−1. At very small gaps (≤ 250nm), neff strongly decreases with temperature.
At some intermediate gaps (250 − 350nm), change in neff is very minimal with
change in temperature.
4.2.3 Fabrication
The devices were fabricated on a standard silicon–on–insulator (SOI) wafer with
240nm Si device layer and 3 µm buried oxide layer (BOX). Waveguides were
defined using electron beam lithography and etched in a C4F8/ SF6 / Ar/ O2
chemistry. 10nm Si slab was left behind to isolate the buried oxide layer from
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Figure 4.4: (a) Resonance sensitivity to temperature for Si resonator, with and
without a cantilever (b) 0.08 nm/K redshift from standard Si resonator (c-e)
Redshift, Athermal and Blueshift of resonances observed in resonator coupled
to bimaterial cantilever.
subsequent release step. The device was cladded with 50nm Al2O3 deposited
using Atomic Layer Deposition. This Al2O3 layer encapsulates the Si and fur-
ther protects the BOX layer from the release step. 300nm SiO2 was deposited us-
ing plasma enhanced chemical vapor deposition (PECVD) which will act as sac-
rificial layer during cantilever release step. Circular cantilevers made of 100nm
thick Al2O3 and Si were deposited on top using electron beam evaporation and
lift-off. Finally the cantilevers were released in HF–vapor based dry isotropic
etch to obtain free standing bimaterial cantilevers on top of un-released Si ring
resonators. The devices were placed on a thermo-electric module to control the
temperature during testing.
4.2.4 Measurement
We show the capability of athermal operation over 14 degrees limited only by
fabrication tolerance. Fig. 4.4(a) shows the change in resonance wavelength of
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the TM mode of a 40 µm radius ring resonator as a function of temperature.
For comparison measured resonance sensitivity of a similar resonator without
the cantilever is shown in red. Temperature sensitivity in cantilever coupled
devices is significantly lower. Athermal operating range is around 14 degrees,
where change in resonance in less than half its linewidth. In our devices, the
cantilever bent up slightly due to residual stress changing the designed coupling
gap. Accurate control of the coupling gap can extend the athermal operation
over a much wider temperature range (shown by green line Fig. 4.4(a)).
We demonstrate that resonance sensitivity changes from conventional red-
shift to strong blueshift with temperature, as the cantilever interaction with the
optical mode increases when it is brought closer to the waveguide. At temper-
atures of 10 ◦C and above (Fig. 4.4(c)), the gap between the cantilever and the
waveguide is large enough such that thermo-optic effect dominates and reso-
nance redshifts with increase in temperature. As temperature is reduced, the
cantilever moves closer to the waveguide such that thermo-optic effect is com-
pensated by index change caused due to the mechanical deflection of the can-
tilever. This is the athermal operating regime (Fig. 4.4(d)). Further reduction
in temperature brings the cantilever even closer to the waveguide and leads
to overall increase in neff , optomechanical shift dominates causing blueshift of
resonance wavelength (Fig. 4.4(e)). For comparison, Fig. 4.4(b) shows the spec-
trum of a similar Si resonator without a cantilever, as a function of temperature.
It shows a constant redshift of ∼0.08nm/K, typical of silicon ring resonators.
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4.3 Enhancing thermo-optic sensitivity
4.3.1 Motivation
Si based microresonators hold great promise as temperature sensors [64, 65] and
thermal/ IR detectors [66, 67] because of their small footprint and better noise
performance; however they are limited in their sensitivity by the thermo-optic
coefficient of Si, which is a fundamental material constant. Such high-Q res-
onators have been used as temperature sensors in various forms. Recent works
have also investigated the use of these high-Q resonators for thermal imaging
in mid-IR/ far-IR spectrum. Photonic elements are expected to have smaller re-
sponse times and much better noise characteristics than current thermal detec-
tors, since they do not suffer from Johnson noise. Reponsitivity of such detectors
can be expressed as
∆S
S · P = −
Q
nG
∂n
∂T
where ∆S is fractional change in signal S
for incident power P ,  is emissivity at sensing wavelength, Q is the quality fac-
tor at detection wavelength and G is the background thermal conductance [67].
Thermo-optic coefficient of the constituent material
(
∂n
∂T
)
is one the limiting
factors of photonic thermal detectors. Also, for IR detection, the material needs
to be simultaneously low-loss at detection wavelength (for high Q) and highly
absorbing at sensing wavelength (for high ), which limits the material choice.
4.3.2 Design
A slight modification of the same scheme allows us to enhance the thermo-optic
response of photonic structures based on this novel waveguide geometry and
break the material thermo-optic limit of Si based devices. Schematic of such a
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Figure 4.5: (a) Cantilever design for enhanced thermo-optic response. (b) Tem-
perature sensitivity of cavity resonance wavelength for different coupling gaps.
At a gap of 200nm, over two orders of magnitude enhancement in temperature
sensitivity is expected.
device is shown in Fig. 4.5(a), where a Si microresonator is evanescently coupled
to a bimaterial cantilever made of Si and Al. Unlike the athermal design, the
cantilever in this embodiment is designed to bend down with increase in tem-
perature. Al has much higher thermal expansion coefficients (αAl = 23 × 10−6
K−1) than Si (αSi = 3 × 10−6 K−1). As temperature increases, cantilever comes
closer to the waveguide increasing the effective index of the coupled optical
mode, same as thermo-optic effect. This positive feedback greatly enhances the
overall temperature sensitivity. Fig. 4.5(b) shows the temperature sensitivity of
the resonance wavelength for different coupling gaps. For a modest coupling
gap of 200nm, the temperature sensitivity is ∼1.9nm/K, which is an enhance-
ment of over two orders of magnitude compared to the thermo-optic limit of Si
(∼0.1nm/K).
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4.4 Discussion
In summary, we have presented a novel scheme to accurately control the
thermo-optic sensitivity of optical resonators. We showed that this technique
allows us to achieve athermal operation of any photonic structure (MZI, ring
resonator, photonic crystal cavity) independent of cavity quality factor, cavity
size or mode volume. Coupling gap and linearity of cantilever sensitivity to
temperature can be optimized to yield a large athermal operating range. No
extra footprint is required in the device layer to implement this scheme. With
proper design, this scheme can significantly reduce the thermal budget in sili-
con photonic integration.
The same scheme can be slightly modified to increase the thermo-optic sensi-
tivity, and break the material thermo-optic limit. This can boost the sensitivities
of resonator based thermal sensors and IR detectors/ imagers. This is especially
important for thermal/ IR imagers, where the sensitivity is limited by optical
quality factor, thermo-optic sensitivity, material absorption and thermal isola-
tion. The resonator can be independently optimized for quality factor, while the
cantilever can be functionalized for high absorption and low thermal conduc-
tance. Coupled with small size and lower noise, these devices are expected to
outperform the state-of-the-art bolometers.
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CHAPTER 5
THERMAL RADIATION AT NANOSCALE
”God made the bulk; the surface was invented by the devil”: Wolfgang Pauli
5.1 Introduction
Heat transfer at a distance through radiation, as opposed to through conduction,
is usually thought of as a minuscule effect. It was recently demonstrated that
heat transfer through radiation between two surfaces in the near field regime
(i.e., at small enough length scales compared to the characteristic wavelength
of thermal radiation which is ∼ 10 µm at 300K) can be extremely effective and
can exceed the traditional heat transfer through radiation in the far field regime
(i.e., blackbody radiation) by several orders of magnitude [68, 69, 70]. Near–field
radiative heat transfer can be used to cool hotspots in thermally isolated nanos-
tructures by coupling local thermal fields to evanescent surface electromagnetic
modes of a nearby surface, and the rate of cooling would increase dramatically
as the separation between the two surfaces reduces. We demonstrate radiative
cooling of up to a few degrees and show that in principle this process can effi-
ciently cool down localized hotspots by tens of degrees in sub-100 nm gaps.
Moreover heat transfer through radiative has some fundamental advantages
over solid–state phonon based conduction. In solid–state bulk of the heat is
carried by optical phonons with frequency grater than 1 THz or characteristic
length scales less than 2nm [71]. Thermal radiation, on the other hand, has char-
acteristic length scale of ∼10 µm, so that radiative spectrum can be shaped very
easily using thin films or periodic structures. Hence radiative heat transfer can
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offer an attractive platform to realize novel thermal thermal devices - like recti-
fiers, transistors, interferometers, cloaks etc. - and other electronic and photonic
analogs. In the last section, I will describe experimental realization of one of
these devices - a radiative thermal rectifier based on far–field radiation between
SiO2 and Au surfaces.
5.2 Near–field thermal radiation
Figure 5.1: (a) Microscopic view of radiation. (b) EM DOS above a SiC surface
at 300K. Red dotted shows the blackbody limit for a perfect absorber.
Macroscopically radiation is modeled using fluctuation electrodynamics,
which is solving Maxwell’s equations with a stochastic source [72]. Physically
the picture is shown in Fig. 5.1(a), where fluctuations inside a material are mod-
eled using microscopic dipoles. These dipoles refer to temperature induced
charge fluctuations (polar optical phonons or free carriers) inside the material.
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These microscopic fluctuations are correlated by dielectric constant of the mate-
rial [72, 73, 74]. The dipoles emit radiation (as per fluctuation–dissipation theo-
rem), and the surface permits some of this radiation to couple to the outside. So
energy U at a distance d above a surface is proportional to the strength of these
dipolar oscillations (which may have a resonance enhancement), temperature T
and electromagnetic density of states (EM DOS) (DOS is usually limited by the
surface). This is expressed in Eqn.(5.1)
U (ω, d) = Θ (ω, T )DOS (ω) (5.1)
where Θ (ω, T ) =
h¯ω
exp
(
h¯ω
kT
)
− 1
is the energy per mode of a Planck oscillator.
For a flat surface, EM DOS can be analytically calculated using Fresnel reflec-
tion and transmission coefficients, shown in Eqn.(5.2). It has two terms, one
for modes that can escape out of the surface contributing to far–field radiation;
and another term for reflected waves which have exponentially decaying en-
ergy density.
DOS (ω, d) =
ω2
2pi2c3
(∫ ω
c
0
βdβ
k0|γ|
(1− |rs|2) + (1− |rp|2)
2
+
∫ ∞
ω
c
4β3dβ
k30|γ|
Im(rs) + Im(rp)
2
e−2|γ|d
)
(5.2)
Here rs and rp refer to the Fresnel reflection coefficients for s and p polarized
modes
(
rs =
γ0 − γ
γ0 + γ
, rp =
γ0 − γ
γ0 + γ
)
, γ2 = 
(ω
c
)2
− β2 and γ20 =
(ω
c
)2
− β2 with
β as in–plane wavevector. Note that in case of far–field radiation, only the first
term in Eqn.(5.2) is present (since d is very large), while the second term can
dominate very close to the surface.
Fig. 5.1(b) shows the energy density U (from Eqn.(5.1)) at different distances
above a SiC surface at T=300K. For comparison the blackbody energy density (a
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Figure 5.2: (a) Radiative heat flux between two SiO2 surfaces (inset) held at tem-
peratures of 300K (red surface) and 0K (blue surface), respectively. (b) Schematic
of the experiment where one out of several isolated hotspots is cooled by radia-
tive near-field coupling to a tip.
material which a is perfectly absorbing) is shown by the dotted red line. It can
be seen that when d is large, the energy density of SiC is less than an ideal black-
body. This is the reason behind finite emissivity of real life materials. However,
when d is very small there is a sharp peak in energy density of SiC which dwarfs
the blackbody limit by orders of magnitude. The frequency of this absorption
corresponds to optical phonon frequency where SiC has very strong absorp-
tion. Physically this resonant enhancement is due to evanescent waves which
are bound to the surface. These waves originate due to resonant absorption in
the material (optical phonons in case of SiC). Just like surface plasmons, they
have large in-plane wavevectors (β) and exponentially decaying energy density
outside the surface. These waves are called surface phonon polaritons (SPhP).
SiC and SiO2 exhibit strong excitation of these SPhP waves at room temperature.
It is important to note that apart from these surface waves, ”frustrated waves”
can also lead to evanescent energy density outside a surface. which correspond
to radiation that was generated in the bulk but reflected at the surface. These
modes are present in all materials, however unlike SPhPs, there is no resonant
enhancement.
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Radiative heat transfer between two adjacent surfaces can be resonantly
enhanced through the coupling of surface phonon polariton (SPhP) modes
[75, 70, 73], hybrid surface modes that originate due to resonant coupling be-
tween the electromagnetic field and optical phonons of the material. Surface
plasmons in doped Si [76, 77] or photonic crystal slabs [78] can lead to a sim-
ilar effect. Here we choose to work with two SiO2 surfaces since the SiO2/air
SPhP frequencies (3.5× 1013 Hz & 1.5× 1013 Hz) is close to the peak blackbody
radiation frequency at room temperature (3.1× 1013 Hz). Fig. 5.2(a) shows heat
flux as a function of the gap between two such parallel SiO2 surfaces. From
Fig. 5.2(a), it can be seen that at gaps close to 10nm, the radiative heat flux is
four orders of magnitude greater than blackbody radiation. In fact for plates
of 1cm2 surface area separated by a gap of 50nm, the radiative thermal con-
ductance is the same as the solid-state conductance of 1cm3 copper. Enhanced
radiative heat transfer at nanoscale gaps has been measured recently in sphere-
plane geometry by optical readout of a bi-material cantilever [79, 80, 81] and
also in plane-plane geometry with gaps of up to a few microns [82].
5.3 Enhanced Radiative Cooling
Here we show cooling through radiation of a thermally isolated nanoscale struc-
ture by bringing it in proximity (but not in contact) with a probe connected to
a thermal bath (see Fig. 5.2(b)). The nanostructure, acting as the hot spot, is a
suspended SiO2 membrane shown in Fig. 5.3. Thermal isolation is achieved by
connecting the membrane to the substrate using thin spokes, resulting in low
background conductance. The 100 µm by 50 µm membrane is made of SiO2 that
is 840nm thick, and is attached to the silicon substrate using thin spokes that are
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Figure 5.3: SEM image of the fabricated SiO2 membrane, acting as local hotspot.
600nm wide and 30 µm long (Fig. 5.4(a)). XeF2 based dry etch process was used
to release the membrane over a 200 µm trench. The trench was deep enough
to ensure that there is negligible spurious coupling of surface electromagnetic
modes to the substrate. A 50nm thick Ni resistor is integrated on top of the
membrane with connecting leads through two of the spokes. Al wires connect
the resistor to pads which are then wire bonded to a package. A tungsten probe
tip (30 µm diameter), coated with 2 µm PECVD SiO2, is connected to a heat sink
and its background conductance is much higher than that of the membrane.
Fig. 5.4(a) shows a top view SEM image of the suspended membrane with the
probe tip in the inset. All experiments were performed under a vacuum of 10−5
torr, where thermal conduction through air is negligible.
To fabricate the suspended membranes, a Si wafer was oxidized to obtain
840nm SiO2. The membrane structure was then patterned and etched in ICP
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Figure 5.4: (a) Top view SEM image of the suspended SiO2 membrane with inte-
grated resistor and the probe close to it. Inset shows zoom-in of the SiO2 coated
probe tip. (b) Resistance of the Ni resistor over a wide temperature range. The
temperature coefficient of resistance was measured to be 0.0058K−1.(c) Change
in resistance measured across the Ni resistor and corresponding temperature
increase as power is dissipated in the resistor.
RIE. This was followed by deposition of 50nm of Ni and 500nm of Al using
lift-off. Cr was used as an adhesive layer for both the metals. The wafer was
then diced into pieces, and the membranes were released using a timed XeF2
isotropic etch. Commercially available Signatone tungsten probes were uni-
formly coated with 2 µm PECVD oxide deposited at 300 ◦C. Probe resistance
measurements confirmed a conformal oxide coating. The temperature coeffi-
cient of the Ni resistor on the membrane was measured over a wide temperature
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range of 200-350K inside a Quantum Design PPMS (Physical Property Measure-
ment System).
Figure 5.5: (a) Radiative thermal conductance between a 15 µm radius SiO2
sphere and a 840nm thick SiO2 surface (inset). (b) Equivalent heat circuit repre-
sentation.
The probe tip is modelled as a sphere to simplify the analysis [83]. The ra-
diative thermal conductance of the sphere-plane system can be defined as
κrad (d) =
Qrad (R, d)
∆T
(5.3)
where Qrad (R, d) is the radiative heat flux between a sphere of radius R and
a semi-infinite plate separated by a vacuum gap d, and ∆T is the temperature
difference between the two. We use a scattering matrix formalism to describe
the sphere - plane system, following Otey and Fan [84]. The radiative thermal
conductance between a sphere and a plane, both made of SiO2, is shown in
Fig. 5.5(a) for a sphere of 15 µm. The typical conductance for a gap of 100nm is
less than 10nW/K and it increases as 1/d as gap reduces.
The other relevant thermal pathways are the background thermal conduc-
tance from the membrane to the surrounding through thin spokes and from the
probe tip to its base. Both were calculated using the Finite Element Method
and were estimated to be 100nW/K and 100µW/K for 600nm spoke width and
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15 µm tip radius respectively. This also validates our assumption that back-
ground conductance of the probe tip is much higher than any other heat transfer
channels, so the temperature of the probe tip can be assumed to be constant.
The equivalent heat circuit model is shown in Fig. 5.5(b). Here κb1 is the ther-
mal conductance between the suspended membrane and thermal bath (primar-
ily dominated by the thin spokes) and κb2 is the thermal conductance between
the oxide coated probe surface and thermal bath (base of the probe). If power
P0 is dissipated in the membrane, the membrane temperature can be expressed
as
T0 =
(κrad + κb2)
κb1κb2 + κrad (κb1 + κb2)
P0 +R.T. (5.4)
where R.T. is the room temperature. The radiative thermal conductance in our
experiments is less than 10nW/K, while κb1 ∼ 330nW/K and κb2 > 100µW/K.
Sinceκb2 >> κb1, rad, the equation simplifies to
T0 =
P0
(κrad + κb1)
+R.T. (5.5)
Radiative cooling can then be quantified as
∆T = T0 (κrad)− T0 (κrad = 0) = κrad
κb1 (κrad + κb1)
P0 (5.6)
This reduces to Eqn.(5.9) since T0 =
P0
κb1
. P0 can be expressed as I20R0 and the
change in resistance as the temperature of the membrane changes due to radia-
tive cooling can be expressed as
R (d) =
R0
1− αI
2
0R0
κbck + κrad
(5.7)
By using a constant current source and measuring R (d), we get both the instan-
taneous temperature and power dissipated in the membrane.
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Cooling was measured directly by small resistive thermometers integrated
in the hotspots. Resistive thermometry can be extremely sensitive in detecting
very small thermal fluxes, especially when used in platforms which are ther-
mally isolated from the environment [85, 86, 87]. Thermal isolation also in-
creases the near-field cooling sensitivity, so that radiative heat flux dominates
over any other background thermalization pathway. Here Ni thermistors are
used to heat the membrane relative to the tungsten tip to an initial tempera-
ture T0 and then monitor the change in temperature of the membrane by mon-
itoring the change in resistance. In order to relate resistance change to tem-
perature change, the temperature sensitivity of the Ni resistor was calibrated
beforehand by measuring the resistance over a range of 200-350 K, shown in
Fig. 5.4(b). The temperature coefficient of resistance
(
α =
1
R0
∂R
∂T
)
was mea-
sured to be 0.0058K−1. Since the thermal resistance of the suspended mem-
brane is much lower than the spokes connecting it to its surrounding, it can
be assumed that the temperature of the membrane is almost constant and fol-
lows that of the resistor. Very small electrical power is needed to heat up the
membrane significantly because of its thermal isolation. Both the resistance and
temperature increase of the resistor as a function of the applied DC power are
shown in Fig. 5.4(c). From the plot one can see that a total power of 30 µW
heats the resistor up by 80K, which corresponds to a background conductance
of 360nW/K. As the probe is brought in proximity to the membrane, the resis-
tance of the heater on the suspended membrane changes due to of the addition
of an extra thermalization pathway.
The die containing the suspended membranes was wirebonded to a package
and mounted on the stage on Zyvex S-100 nanomanipulator. The end of the ox-
ide coated probe tip was scratched to remove oxide locally to provide good ther-
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mal contact and attached to one of the arms of the nanomanipulator. The Zyvex
system was placed inside a Zeiss Ultra SEM chamber, which was pumped down
for an hour to reach vacuum level below 10−5 torr. The probe was accurately
placed above the membrane by monitoring its motion through SEM, the elec-
tron beam was blanked during all the measurements to reduce noise. The cold
resistance value was determined using a Keithley 4200 Semiconductor Charac-
terization System using 10nA source current. The probe tip movement was au-
tomated using a closed loop Zyvex piezo controller. The probe tip was brought
down in steps of 350nm with 1min interval between each step to let the system
thermally stabilize.
Figure 5.6: (a) Typical resistance curves measured with the contact point shown.
(b) Zoom-in on the part just before contact showing gradual cooling due to ra-
diative heat transfer. The inset shows a zoom in where the resistance steps are
visible while the probe was held at constant gap.
As the piezo controller moves the probe closer to the membrane, a sudden
drop in resistance signifies contact of the probe with the membrane. Since the
rate at which the probe comes down vertically is known (measured in the SEM),
the contact point is used to calibrate for the probe-membrane separation. Typi-
cal resistance vs time curves as are shown in Fig. 5.6(a) where the contact point
is clearly visible. Fig. 5.6(b) shows the resistance change just before contact; the
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gradual decrease is a signature of near-field radiative heat transfer. The probe
is maintained at a fixed gap for 1 min to let the system thermally stabilize. The
steps in the Fig. 5.6(b) inset correspond to a constant gap. These steps become
more prominent at smaller gaps because of the large change in radiative heat
flux for a small change in gap.
Figure 5.7: (a) Temperature drop due to radiative heat transfer as the probe is
brought closer to the membrane, for two different initial membrane tempera-
tures. Error bars represent the standard deviation of each measurement. Solid
lines show theoretical prediction. Inset shows fitting of the measured data with
model, yielding a gap uncertainty of 160nm. (b) Near-field power transfer be-
tween the membrane and probe as a function of separation.
We experimentally observe radiative cooling of up to 1.5K for a separation of
350nm between the SiO2 surfaces. Radiative cooling is defined as the decrease
in temperature of the membrane from its initial temperature due to radiative
coupling.
∆T (d) = T (d)− T0 (5.8)
where T0 is the membrane temperature when the probe is in the far-field and
T (d) is the membrane temperature when the probe is at a separation d. Power
67
transferred through near-field is given by Prad(d) = κrad (T (d)−R.T.), where
R.T. is room temperature. The measured temperature change of the membrane
as a function of probe-membrane separation is shown in Fig. 5.7(a). It can be
seen that when the probe is in the far-field region (d > 2µm), the temperature of
the membrane is relatively insensitive to small variations in the distance of the
probe from the membrane. As the probe is brought closer to the membrane, the
temperature drops due to the near-field coupling. From Fig. 5.7(a) it can be seen
that when the membrane is heated to an initial temperature of 416K the temper-
ature drop due to radiative cooling is around 0.8K. Increasing the temperature
gradient leads to larger radiative heat transfer (Eqn.(5.9)), when the initial tem-
perature is increased to 460K (up to 160 degrees above room temperature ) the
radiative temperature drop increases to 1.5K. The theoretically predicted trend
of temperature decrease is shown in solid lines. It agrees well with the mea-
sured data, along with a constant offset. This offset is due to uncertainty in gap
measurement, which is explained below. Following Eqn.(5.8), cooling of the
membrane due to radiative coupling can be expressed as
∆T (d+ δ) =
κrad (d)
κrad (d) + κbck
(T0 −R.T.) (5.9)
where κbck is the background thermal conductance. Background conductance
here refers to all other channels (except near-field radiation) through which the
membrane can lose heat and includes heat dissipation through the thin support-
ing spokes and far-field radiation. δ is introduced as a fitting parameter which
gives an indication of the uncertainty in gap measurement. κrad was modelled
using a sphere - plane configuration, assuming a 840nm SiO2 slab and temper-
ature difference used in the experiment [simulation details in Supplementary
Information]. The resulting electromagnetic heat transfer was calculated nu-
merically using scattering matrix analysis [84]. The far-field component of ra-
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diation increases by ∼ 7% as gap is reduced from 350nm to 3500nm. We have
estimated this view-factor effect by calculating the absorption by the finite area
of the membrane of far-field emission from the sphere. Measured data was fitted
to the model using δ and κbck as fitting parameters. Fig. 5.7(a) inset shows the
resulting fit, with δ = 160nm and κbck = 340nW/K. This value of background
conductance agrees well with the expected value of 360nW/K (see Fig. 5.4(c),
slope of P vs ∆T ). We estimate the gap uncertainty to be relatively small - of
the order of 160nm - and it has several contributing factors like roughness of the
probe tip and slight curvature of the release oxide membrane.Note that the gap
uncertainty δ, estimated to be 160nm, is much smaller than the range of gaps
measured (0.3 − 3.5µm). From the measurements one can extract the contribu-
tion of near-field radiative heat transfer [see Supplementary Information]. The
increase in the power transfer from the membrane to the probe tip as a function
of gap is shown in Fig. 5.7(b) for various temperature gradients. One can clearly
see the signature of enhanced radiative effect for distances below 3 microns.
The usual sphere-plate heat transfer calculation assumes infinite lateral di-
mensions for the membrane. The actual finite size has negligible effect on near-
field evanescent contributions to the heat transfer. However, the view-factor
for field radiation will change as the gap between the sphere and membrane is
varied. We take this into account as follows. First, we calculate the (isotropic,
unpolarized) far-field power emitted from the sphere, using fluctuational elec-
trodynamics and Mie theory [88]. We then approximate the power transmitted
into the plate, integrated over all angles that the membrane sees,
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Figure 5.8: Estimated temperature reduction for a 100 µm × 50 µm hotspot, us-
ing both spherical and planar probes.The spherical probe has a tip diameter of
30 µm. The hotspot has a background conductance of 350nW/K and is heated
to an initial temperature of 160 degrees. All values are typical of the devices
used in our experiments. Inset shows comparison of experimentally observed
radiative cooling with the theoretical trend.
Qff =
∫ ∞
0
dω
∫ θmax
0
dθsin (θ) 2pia2
1
2
(
1− |r⊥ (ω, θ) |2 + 1− |r‖ (ω, θ) |2
)
P (ω)
(5.10)
where r⊥ and r‖ are the plane-wave reflection coefficients for the two po-
larizations of radiation, θmax =
pi
2
− arctan
(
a+ d
rmembrane
)
, a is the radius of the
sphere, d is the gap between membrane and sphere, rmembrane = 50µm is a suit-
ably chosen effective radius of the membrane.
The measured trend of degree of radiative cooling efficiency agrees well with
theoretical predictions and is limited mainly by the geometry of the probe used
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here as well as the minimum separation that could be achieved in our setup.
Fig. 5.8 shows the theoretical temperature decrease of the SiO2 membrane due
to radiative cooling when another surface is brought closer; assuming either
a spherical probe with 30 µm tip diameter (similar to the one used in our ex-
periments) [83] or another a parallel SiO2 surface as a probe. The membrane
dimension was assumed to be 100 µm by 50 µm, same as the one used in our ex-
periments. The background conductance was assumed to be 350nW/K which
is close to the measured background in our structures. In the simulations the
membrane was heated to an initial temperature of 460K while the probe was
at room temperature. The expected radiative power transfer is on the order
of 5–10 µW for a sphere-plane geometry with 160K temperature difference [see
Supplementary Information, Fig. 5], which can be measured easily when it is
of the same order as total electrical power dissipated in the resistor (60 µW in
our experiments). Our calculations are in good agreement with the experimen-
tal data (see Fig. 5.8 inset) and cooling by over 20 degrees should be achievable
in the sub-50nm regime using our configuration. While the spherical probe can
cool down the membrane by up to 30K at a gap of 10nm (blue curve), our calcu-
lations show that the near-field effect is even more pronounced when the probe
is planar (red curve) and can reduce the temperature by over 100K at sub-100nm
gaps.
5.3.1 Discussion
We demonstrated efficient cooling using near-field radiative heat transfer in a
novel platform with temperature sensors integrated directly in thermally iso-
lated hotspots. We measured a local temperature reduction of up to 1.5K, lim-
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ited only by geometry and gap resolution, and showed theoretically that it
should be possible to achieve very strong cooling in the near-field regime using
a modified geometry. This method of thermal management using a non-contact
approach could enable cooling when contact methods are not an option, such as
in the case of micro-electro-mechanical devices and front-end of microelectron-
ics. This novel platform can also pave the way towards exploring new aspects
of radiative heat transfer such as the recently predicted thermal rectification
[89, 90, 91] and negative thermal conductance [92].
5.4 Thermal Rectification based on Radiative heat transfer
5.4.1 Introduction
Thermal rectification is the property of directional heat flow – same transport
channel acts as a conductor in one direction and insulator in the other direction.
In other words the thermal conductivity of the channel has an inherent non–
linearity, which introduces asymmetry based on direction of heat flow. This is
schematically shown in Fig. 5.9.
This property is not present in most solid-state conduction based heat trans-
fer mechanisms. This is mainly because thermal rectification, just like its electri-
cal counterpart, requires an asymmetric junction or interface (analogous to p-n
junction in electrical diode). Unfortunately solid state heat flow using phonons
is extremely broadband, and hence impervious to junctions or interfaces. The-
oretically rectification in solid–state has been explored extensively using non–
linear lattice vibrations [93], non–linear electron gas dispersion in conductors
72
Figure 5.9: Concept of Thermal Rectification. The channel on the left is non-
rectifying since amount of heat flow is independent of direction. The channel
on right is rectifying since it allows heat flow in only one direction.
[94] and edge effects in graphene nano ribbons [95]. Experimental demonstra-
tions of thermal rectification in solid state are limited to ∼7% in nanotubes [96]
and ∼1% in graphene [97].
Thermal radiation between dissimilar surfaces can be used to design very
efficient thermal rectifiers [89, 91, 98, 90]. This is because radiation spectrum
can be engineered to be relatively narrowband (e.g. using thin films, periodic
structures etc.) and material emissivities can be temperature dependent. Near–
field thermal radiation, in certain material systems, can surpass blackbody limit
by orders of magnitude and lead to thermal conductances close to solid-state
systems. It also provides a very attractive platform for rectification because ra-
diative density of states can be engineered to have extremely sharp temperature
dependent resonances. This would help in designing rectifiers with large con-
trast ratio and high thermal conductivity.
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Figure 5.10: Emissivity of (a) 1 µm thick SiO2 film and (b) 300nm thick Au film.
Both are plotted for normal incidence.
5.4.2 Rectification using far–field radiation
Strong rectification can be observed in far–field thermal radiation using metals
like gold (Au), whose emissivity has a strong dependence on temperature. The
dielectric constant of Au can be modeled in Drude format as [53, 99, 91]
Au (ω, T ) = 1−
ω2p
ω2 + iγ(T )ω
(5.11)
where ωp = 1.37 × 1016 rad/s, γ0 = 7.31 × 1013 rad/s and γ(T ) = γ0T
300
. Scat-
tering rate in Au increases with temperature due to dominant electron-phonon
scattering, which increases its emissivity [99, 100]. Fig. 5.10 shows the spec-
tral emissivities of 1 µm thick SiO2 film and 300nm Au film. Fig. 5.11(a) shows
the simulated radiative heat transfer between Au and SiO2 in forward and re-
verse biased scenarios. SiO2 is chosen because of its high emissivity (∼0.8) and
temperature independent optical properties [99]. It can be seen that net power
transfer is much higher when Au is hotter, due to increase in absorption/ emis-
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Figure 5.11: (a) Radiative heat fluxes as a function of temperature difference. (b)
Rectification vs. temperature difference.
sion inside Au. Rectification is defined as R =
qb − qf
qf
where qf is the net heat
flux when SiO2 is hot and qb is the net heat flux when Au is hot. Fig. 5.11(b)
shows the total rectification R, which approaches almost 80% for 200K temper-
ature difference.
5.4.3 Probe Fabrication
We designed and fabricated custom probes, with large surface area and low
background conductance (or high thermal sensitivity), for measurement of ther-
mal rectification in SiO2–Au surfaces. Radiative probes consist of a small mem-
brane made of either SiO2 or SiO2 coated with Au, with integrated Ni resistors
for heating/ sensing. Au leads are taken out through two narrow spokes, which
connect the probes to the Si substrate. The probes were fabricated with differ-
ent surface areas and shapes to help in optimizing measurement conditions. We
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Figure 5.12: (a) Large SiO2 probe. Scale bar is 50 µm. (b) Large Au probe. Scale
bar is 50 µm. (c) Small SiO2 probe. Scale bar is 20 µm. (d) Small Au probe. Scale
bar is 20 µm. (e) Two large probes brought close to each other.
started with a Si wafer oxidized with 1 µm SiO2. Probe pattern was then defined
using stepper lithography and SiO2 was etched in a CHF3/O2 recipe. This was
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followed by two lithography and metal lift–off steps to deposit 50nm Ni resis-
tors and 300nm Au contact wires. Cr was used as adhesive layer in both cases.
Au was also deposited on one of the probe surfaces, while the other probe sur-
face was made of SiO2. Each die in the wafer had one pair of SiO2 and Au
probe. The wafer was then coated with protective resist and diced to separate
the probes into triangular shapes (Fig. 5.13(a)). Before the release step, resist
was removed in an Acetone – IPA bath. The probes were then dehydrated at
250 ◦C for ∼15min. This step is very important since any moisture left in the
sample will cause Au to be attacked during the release step. The dehydrated
probes were then released in XeF2 based dry phase isotropic etch process with
XeF2 pressure of 3 Torr and N2 pressure of 6 Torr. The released probes were
then mounted on a custom probe holder and Cu wires were soldered for elec-
trical measurements (Fig. 5.13(b)). Microscope images of the probes are shown
in Fig. 5.12(a–d).
5.4.4 Experimental set–up
Zyvex S–100 nanomanipulator [101], operated inside a Zeiss Ultra Scanning
Electron Microscope (SEM) chamber, was used for precise probe manipulation
and placement. Fig. 5.13(c) shows the Zyvex probe holder and two radiative
probes mounted on it along with electrical connections. The chamber is pumped
to vacuum level of less than 10−5 Torr, so that conduction through air is negligi-
ble. Fig. 5.12(e) shows a typical experimental configuration, where two surfaces
are brought in close proximity with their surfaces aligned.
77
Figure 5.13: (a) Probe diced in triangular shape. (b) Probe with soldered wires
and mounted on sample holder. (c) Both probes mounted on Zyvex probe
holder, to be loaded into SEM chamber.
5.4.5 Measurement
To measure thermal rectification, one of the probes was heated and radiative
heat flux was measured by sensing the temperature change in the other probe.
This was followed by heating the other probe and measuring heat flux in the
opposite direction. If Ph is the power dissipated in the heater, then temperature
rise in the hot probe is ∆Th =
Ph
κbh
, where κbh is the background thermal con-
ductance of the probe is being heated up. Temperature rise in the sensor probe
is measured by passing a fixed sensing current Is and measuring the change in
voltage Vs. The relation between temperature changes in sensor and heater can
78
Figure 5.14: Background thermal conductance of the probes used in (a) SiO2–
SiO2 baseline non-rectifying experiment. (b) SiO2–Au rectification experiment.
be expressed as
∆Ts =
∆Vs
αVs
=
κfr
κbs
∆Th (5.12)
where κfr is the radiative conductance, κbs is the background thermal conduc-
tance of the sensor probe and α is the temperature coefficient of resistivity of Ni
(α = 0.0058K−1). κbr is similarly measured by reversing the heating and sensing
probes. There is an assumption here that κfr , κbr  κbs, κbh, which is true because
radiative heat flux is much smaller than heat lost through the spokes. Thermal
rectification is defined as R =
κfr − κbr
κbr
.
κfr and κbr are measured through slope of Qs vs. ∆Th curve in forward and
backward direction respectively, where Qs = κbs∆Ts is the heat flux measured
at the sensor. Hence it is important to characterize the background thermal con-
ductance of the probes (κb) accurately (in principle, the ratio
κbs
κbh
is important,
not their exact numbers). Fig. 5.14(a,b) shows the background conductance of
the probes used for both baseline and rectification measurements. κb is defined
by the dimension of the connecting spokes and thickness of Au film on top of the
spokes. It varies between 3–9 µW/K in our probes due to fabrication variations.
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Figure 5.15: Typical experimental data when one probe is heated and temper-
ature rise in other probe is sensed. Is=0.5mA in both cases. (a) Forward case –
SiO2 probe is heated. (b) Backward case – Au probe is heated.
Fig. 5.15(a, b) show a typical measurement sequence where power applied to
the heater is increased in small steps and corresponding voltage changes in the
heater and sensor are recorded. For each measurement, the system is allowed to
stabilize for a few seconds to reach thermal equilibrium. This data can then be
analyzed to find κbs, κbh, ∆Th from the heater response and ∆Ts from the sensor
response.
We first do a baseline measurement where we prove non-rectifying behav-
ior in SiO2–SiO2 coupled probes. Fig. 5.16(a) shows Qs vs. ∆Th measured in
the non-rectifying case in forward and backward directions. They follow each
over the entire temperature range. Similar non-rectifying behavior was also
observed for different coupling gaps and when the probes were brought into
contact. From these baseline experiments, we characterized our measurement
protocol and sensitivity.
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Figure 5.16: (a) Qs vs. ∆Th for SiO2–SiO2 probes. This was the baseline non-
rectifying experiment.(b) Qs vs. ∆Th for SiO2–Au probes. Rectification of ∼30%
is observed.
We experimentally measure rectification of ∼30%±3% in SiO2–Au coupled
probe system. Fig. 5.16(b) shows Qs vs. ∆Th measured in forward and back-
ward direction when SiO2 and Au probes were brought in close proximity
(Fig. 5.12(e)). Coupling gap is around 160 µm with three-quarter of the probe
surfaces facing each other. There is a clear difference in radiative thermal con-
ductance in forward and backward directions, with significantly more heat flux
measured when Au probe is hotter. It is important to note that base temper-
ature of both the probes was raised to 60K above room temperature for better
measurement sensitivity. So temperature range in Fig. 5.16(b) corresponds to
360–410K. The measured rectification value of 30% is slightly lower than the-
oretical estimate of ∼40% at 410K. This deviation is attributed to deviation in
properties of thermally evaporated Au from Drude model in Eq(5.11) and para-
sitic contribution of non-rectifying channels like base and tip of Au probe which
are made of SiO2.
Thermal rectification was further confirmed by a direct measurement of the
temperature dependence of emissivities of Au and SiO2. This was done by keep-
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Figure 5.17: ∆2Ts vs. Ts for SiO2 and Au probes measured by sweeping Is.
Change in emissivity of Au with temperature shows up as a linear change in
∆2Ts when Au probe is used as sensor. Inset shows the probe setup for the
experiment.
ing the hot probe at a fixed temperature (∆Th = 100K) and changing the tem-
perature of the sensor probe (Ts) while recording change in sense temperature
(∆Ts). Temperature of the sensor probe was changed by sweeping the sensing
current Is. Relative change at the sensor ∆2Ts is defined as
∆2Ts = ∆Ts −∆Ts (Ts = 300K) ∝ h(Th) (s(Ts)− (Ts = 300K)) (5.13)
where h and s are emissivities of heater and sensor respectively. ∆2Ts should
be zero if sensor emissivity is independent of temperature. As shown in
Fig. 5.17, when Au is used as sensor, ∆2Ts increases linearly with Ts due to
increase in emissivity of Au at higher temperature. SiO2, on the other hand,
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show almost no change in ∆2Ts with Ts since its emissivity is independent of
temperature.
We compared our data with simulations and verified that measured rectifica-
tion is due to change in radiative properties of Au and not due to small thermal
deflection of the probes. Thermal deflection in SiO2 probe with temperature is
negligible, while deflection in Au probe, used in rectification measurement of
Fig. 5.16(b), is around 10◦ over the temperature range. These deflections were
measured through SEM and shown in Fig. 5.18(a,b). Deflection in Au probe is
due to difference in thermal expansion coefficients of Au and SiO2. First we ver-
ified that emissivities of thin-films of SiO2 and Au do not change significantly
over 15◦. These simulations were performed using exact multilayer calculations
and are shown in Fig. 5.20(a). Finally we verified that the small deflection of
10◦ contributes less than 3% change compared to ideal scenario of no deflection.
This was done by simulating the structure in Fig. 5.18 in a finite element solver
(COMSOL) for different deflections. Fig. 5.20(b) shows the change in ∆Ts (rel-
ative to no-deflection case) for different deflection angles. Deflection induced
changes become relevant only for large angles greater than 30◦. It is important
to note that we chose to work at a large gap of ∼150 µm to minimize the effect
of thermal deflection. Moreover, the data in Fig. 5.17 was obtained using small
probes whose thermal deflections are negligible, as shown in Fig. 5.19.
5.4.6 Discussion
We reported the first ever experimental evidence of thermal rectification in a
radiative channel. Observed rectification is significantly higher than other re-
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Figure 5.18: Thermal deflection of large Au probes. (a) Probe positions at begin-
ning of the measurement. (b) Probes when heated up.
Figure 5.19: Thermal deflection of small Au probes. (a) Probe positions at be-
ginning of the measurement. (b) Probes when heated up.
ported results in [96, 97]. In fact, radiative processes offer the potential to
achieve very high contrast rectification, which is not possible in solid–state sys-
tems. Thermal spectrum and radiative modes can be engineered very easily
using gratings and other periodic structures. Heat flux can be increased signifi-
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Figure 5.20: (a) Emissivity of SiO2 for different angles upto 150. (b) Thermal
deflection contribution to ∆Ts for different deflection angles. It is negligible for
upto 150. Inset shows the geometry used for simulation.
cantly by using near-field thermal radiation. In the near–field, radiative modes
can be further engineered using sub–wavelength structures which can lead to
giant rectification without the need for different materials [98, 102]. This kind of
flexibility makes nanophotonic control of thermal radiation very attractive for
non–linear thermal transport devices like rectifiers and transistors.
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CHAPTER 6
SUMMARY AND FUTURE WORK
In summary, we studied the interplay between temperature and optics in
two different contexts. One hand we addressed the problem of temperature
stabilization of optical devices, which is of paramount importance in scaling
and chip scale integration of optical interconnect technology. All the ather-
mal schemes proposed and demonstrated in this thesis are passive, CMOS-
compatible and address a wide design space. On the other hand, we studied
the role of photons in controlling heat transfer at nanoscale through radiation.
We demonstrated enhanced cooling of nanostructures using near-field thermal
radiation and measured thermal rectification in a radiative channel. These ideas
might have significant importance in future thermal management and energy
harvesting technologies like thermophotovoltaics.
Looking ahead, I think the athermal work will be adopted in some form to
build larger scale integrated optical networks. The work on TiO2 overcladding
is especially promising because of its ease of implementation. However it re-
mains to be seen how low power tuning and electro-optic modulation mech-
anisms can be incorporated along with TiO2 cladding. Designing fabrication
tolerant devices will go a long way in eliminating the need for post-fabrication
wavelength tuning [103, 104, 105]. Making low power modulators would still
be a challenge because of the mode delocalization. The all-Silicon interferome-
ter based athermal scheme avoids these problems, as evident from the athermal
electro-optic modulator demonstrated in this thesis. However those devices
were relatively large and footprint scaling remains to be investigated. Integra-
tion of cantilever with optical devices opens up the possibility of simultane-
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Figure 6.1: (a) Schematic of the waveguide with TiO2 cladding and cantilever
on top. Waveguide dimension is 233×250nm. TiO2 is 250nm thick and the can-
tilever is 100nm thick. (b) Wavelength tuning of the resulting device. (c) Tem-
perature sensitivity of the TM mode, compared to a standard Si resonator. Inset
shows a zoomed in view.
ous ultralow power electrostatic tuning of the resonance wavelength and ather-
mal operation using a separate bimaterial cantilever or thin TiO2 overcladding.
Fig. 6.1 demonstrates simulation results of this idea, where a tuning cantilever
is coupled to a waveguide mode, which is inherently athermal due to TiO2
cladding. However this fabrication is non-trivial and would need significant
process development. The general idea is that combining the several different
schemes described in this thesis, depending on the application, might help in
mitigating some the major hurdles in silicon photonics.
The idea of coupling a bimaterial cantilever to a resonator might find ap-
plication is designing ultra-sensitive uncooled thermal detectors. State-of-the
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art detectors in mid/far IR include low bandgap semiconductors which are ex-
pensive and bolometers which suffer from Johnson noise and poor responsivity.
Resonance enhanced optical detection and temperature sensitivity of a bimate-
rial cantilever can be combined to overcome the detectivity and cost limitations
of detectors at longer wavelengths.
Tailoring radiative heat transfer using tools of nanophotonics has tremen-
dous potential in revolutionizing the fields of thermal management and energy
harvesting. The general belief is that heat is an unwanted byproduct which
is hard to manipulate, because solid state heat transfer through phonons is ex-
tremely broadband. Radiative heat transfer through photons, on the other hand,
can be designed to be narrowband by engineering the surface emissivity or sur-
face density of states (e.g. surface waves, gratings, photonic crystals), and hence
radiative heat transfer can be manipulated much more easily. Near–field radia-
tive heat transfer increases the efficiency by several orders of magnitude, and
can make radiation comparable to solid–state heat transfer mechanisms . Con-
version efficiencies in Thermophotovoltaics can be significantly increased using
near-field thermal radiation [73, 106, 107]. Moreover it can be used to demon-
strate non-linear thermal transport processes like rectification [89, 90, 91], nega-
tive thermal conductance [92] etc., properties which are not present in conven-
tional solid state heat transfer. The analogy of heat transport with electronic
transport can be further extended [108]. Recent theoretical works are already
talking about thermal switches [109] and transistors [110]. Experiments similar
to [86, 111] can be performed to understand quantum of conductance in con-
text of radiative heat transfer [108]. Extending these concepts to nanostructures
is very important in chip-scale thermal management and energy conversion.
Novel materials like vanadium dioxide (VO2), aluminium zinc oxide (AZO) and
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graphene can be studied for their radiative properties. VO2 has very large ther-
mal nonlinearity (insulator–metal phase transition) [112, 113] while graphene
and AZO have low electronic densities which can lead to plasmonic control of
IR radiation [114, 115, 116]. Furthermore hot cavities can be used to generate
quasi-coherent light in mid-IR, where light sources are very rare. This can have
significant impact on sensing and detection since many molecules have their
vibrational modes in mid-IR frequency range. Nanophotonics provides an in-
credible toolset to manipulate heat and not let it go to waste.
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